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ABSTRACT

Ground and flight instrumentation was developed and employed for

the study of vehicle olectrification during the launch of two Titan IIIC

rockets. The flight instrumentation operated and gathered' data from

ignition to payload orbit injection at 19,400 mni. The first launch

occurred under clear-weather conditions and provided data on rocket-

motor electrification at liftoff and in \he ionosphere. On the second

launch, clouds existed in the launch area so that this flight provided

data on vehicle electrification during flight through precipitation.

The results of the experiment indicate that rockets become electrified

by the action of the engines at liftoff, and that precipitation-particle

impact also produces electrification. Streamer discharges were measured

resulting from precipitation-static electrificution of a dielectric

surface on the front of the rocket. Results from the atmospheric portion

of the flight indicate that the electrostatic behavior of a large

rocket is similar to that of a jet aircraft.

In the flight through the ionosphere, it was found that operation

of the main engines and altitude-control rockets produced readily detected

signals in the electrostatic sensors. This indicated that rocket-exhaust

constituents were being returned to the viciuity of the vehicle.

Data from the ground instrumentation indicate that the electro-

static fields in the vicinity of the pad at launch are dominated by

charges on the clouds generated by the launch.

Instrmentation and the results of the treptz Are discussed in con-

sidorable detail, Where appropriate, results are compared to theoretical

analyses or to earlier moasurements on aircralt and mckets.
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I INTRODUCTION

Rockets and space vehicles can acquire electrical charge of various

amounts from such processes as triboelectric charging from particulate

matter; plasma processes in the ionosphere, radiation belts, and solar

wind; photoelectric charging from high-energy radiation; and engine

chargirg from various processes occurring in the combustion chambers of

rocket engines. Of these charging processes, triboelectric charging

and engine charging were known to be capable of produci.ig detrimental

1-74,
vehicle potentials that lead to sparks, corona, and streamers.

On the Titan IIIC vehicle, anomalous Missile Guidance Computer

"(MGC) responses have been observed during the flights of Vehicles C-1O

and C-14. The anomalous responses occurred at 84 kft ior the C-10 and

at 58 kft for the C-14 flight. Ground tests of the MGC indicate that J

similar responses can be produced by sparks to the o~mputer case or by

electrical discharges near the computer system. In addition, the Titan

10IC payload fairing is coated with an ablating material on which charge

may accumulate, and the fairing was not positively bonded to the missile

frame. Thus, it was strongly suspected that the anomalies observed on

Vehicles C-10 and C-14 were of electrostatic origin.

The objectives of this program were to study the vehicle electri-

fication mechanisms and charging-current magnitudes on the Titan IIIC

rocket vehicli in an effort to better understand the procesees by which

be generated. The objectives were achieved by developing and calibrating

special flight-test instrumentatiou and installing and operating it on

References are listed at the end of the report.



two Titan IIIC rockets during scheduled firings. The instrumentation

was designed to measure vehicle potential, charging current arriving

on a metal frontal surface, streamers generated on a small dielectric

frontal surface, and ion current flow and electric field in the vehicle's
8

plasma environment.

Actual installation of the instrumentation on the Titan IIIC test

vehicle was accomplished at the Eastern Test Range by the Martin-Marietta

Corporation on a separate contract.

During the Titan III instrument development and fabrication period,

Apollo 12 was struck by lightning during launch. As a result, SRI

scientists participated in two series of ground experiments (one on

Apollo 13 and the second on Apollo 14) to investigate the electrical
9

characteristics of the Apollo rocket and its plume. These Apollo

experiments were conducted with no electrostatic instrumentation on the

rocket, while the Titan IHIC experiments were to be conducted with no

ground-based electrostatic instrumentation. It was observed that both

programs would be considerably strengt,•onod at relatively little expense

if provisions wore made to include ground-based measurements on the

Titan program. In addition, since the Saturn booster is liquid-fueled,

and the fixrt stage of the Titan booistor is solid-fueled, thzo acquisition

of relatable data from both vehicles affords an opportunity to compare

the characteristlus of solid- and liquid-fueled motors. Accordingly, a

ust of ground-based field meters was fabricated and emplaced around the

Titan IIIC launch complex for each launch.

In this report, data measured for flights C-20 and C-21 of the

Titan III vehicle are presonted. The data include ground-based measure-

ments as well as flight-test datn measurvd during light-off, below the

ionosphere, and in the ionosphere. Ground-based meo:-iwements from the

Apollo 13 and 14 flights are also included for comparison. Many details

ol the experiment are given in Appendices A through D.

2



Following the two Titan IIIC flights, a set of similar electrostatic-

study instrumentation was fabricated by SRI and installed on a satellite

to be launched into synchronous orbit. A brief description of this

instrumentation system is given in Appendix E of this report.

'-I
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II DESCRIPTION OF INSTRUMENTATION

A. Flight Instruments

The instrumentation system was developed to measure the following

parameters during the flight of the test vehicle: 3

(1) Instantaneous vehicle potential :.j

(2) Charging rate

(3) Impinging-particle count

(4) Streamer discharge Pill?

(5) Streamer discharge current

(6) Ambient electron density,

An electric-field-meter system is used to measure vehicle potential. The

field strength measured at a point on the surface of the vehicle by the

. field meter is directly proportional to the vehicle potential (V • -10 E

for the vehicle configuration at launch in free space); thus a measure

of the field strength is tantamount to a measure oi veh:.cle potential.

The vehicle can be charged by frictional electrification caused by

rocket-engine operation.

A charging patch located on the nose of the rocket is used to moaoure

the charging produced by impinging dust or precipitation particles= ~10 
"

only. 1the churging-rate putch consists of an electrically isolated

conductor on the outside of the vehicle, subject to the impingement of

dust or precipitation. The electronic circuitry associated with this

patch is designed to meastwe the current flowing to the patch and to

count the number of particles impinging.

In an effort to further study the breakdown prozess occurring on a

rocket vehicle, provisions .were mado to count the streamer pulses generated

-P.ADS .--- MAW



by charging of a small, insulating region on the vehicle nose. The

electronic circuitry used for the streamer studies includes provisions

for measuring the streamer current and for counting the number of

streamers generated.

The Langmuir probes for studies during orbit injection are similar

to those designed and fabricated by SRI for use by AFCtL in their Trail-
11

blazer experiments. The probe consists of an isolated conductor

biased negatively with respect to the skin so that it collects saturation

ion current. The magnitude of the current is related to the electron
12

density in the immediate vicinity of the probe. Although a fixed-bias

ion probe does not permit the determination of electron temperature, its

simplicity and compatibility with the rest of the instrumentation dic-

tated its choice.

One of the overriding constraints on the program was that the

electrostatic-study Instrumentation bo carried on a "piggy-back" basis.

It could not iiitorier'e in any way with either the mechanical or electrical

functioning of either the rocket or the payload. This meant that the

sensors had to be designed in such a way that there was no question of

their mechanical integrity, and that their installation did not compromise

the integrity o1' the vehicle and payload system. Those enstraints.

limited the sensor designs that could be considered. For example, it was

not possible to consider sensors mounted on booms or struts protruding

Ifrom the mold lines of the rocket since such a design would require

extensive analysis and testing to verify its mechanical integrity in

the Titan IIIC launch environment.

1. Field Meter

"The field meter developed for this program is of the rotating-

vane design. The detector head is mounted in a hole in the okin in such

a manner that the meter vanes are exposed to the exterior of the vehicle

as shown in Figure 1. Uovement of the grounded rotor shown in the figtwe

6



FIGURE I FIELD-METER INSTALLATION ON TITAN III ROCKET

catises tile stator to be alternately exposed to and( sh~ielded from thle

exterior onvirontn..nt. In thtis wny an alternating signal is generated

Wl the statorn as tile rotor chiops tile ambient electric field at tile skill

or as it chops a conivectioni current to thle skill. These two signtals are

in phase qjuadrature, und for low-altituide ai rhorne mesrttnsonly

thle "in-phiase" signal gotnerated by chiopqiing the true electric field is

measured. Although thle "cquadvature" porsponse ol the I luld meter to

convection currents is not a. Very useful physicail pa rauetsir, it does

provide a basis for evaluating the behanvior of tlio field meter in thle

ionosphere. In thQ presen1t field-meter, system. thwretore, botht the

in-phase and "quadrature" cottponentts of' the stator signal are detcected.

7



To ensure its proper operation, the field meter must not be

located near plastic surfaces, which may accumulate charge and distort

the electric field at the meter location. In determining a location for
13the field-meter sensor, the transtage (Stage III) of the vehicle was

attractive because this section remains intact and operational until

payload orbital injection seven hours after launch. This part of the

fairing is covered with a 5-mil-thick layer of special, thermal-control

silicone paint of sufficient electrical quality to maintain an' electric

charge on its surface for extended periods of time. This problem was

overcome by installing a 21-by-30-inch sheet of Alzak (an electropolished,

anodized soft aluminum) on the skin of the vehicle surrounding the field

meter. Thi3 material has optical characteristics that make it suitable

for use as a thermal-control material on the surface of the Titan IIIC,

an.i laboratory tests demonstrated that it retains a sufficiently smallI. charge on its surface to permit it to be used around the field meter.

2. Charging Rate and Particle Counter

The charging rate and particle count are determined with one

sensor and appropriate signal processing. The particle counting is done

by pricesang pulses produced by individual particle charge deposited on

the senor plato, and the charging rate is obtained from the average

current flowing to the plate as a result of these charge deposits. Using

data from aircraft flight tests for particle density and churge per

particle, the maximum charging rate and counting rate at Much 1 should

be of the order of one milliampere per square metor and 10 particles

2per second per square meter. A patch area of the order of 100 cm could

thus collect a maximum current of 10 iA and intercept particles at a

maximum rate of 10 particles per second. Since thebe maximum rates

occur infrequently even on aircraft, the sousing system was designed

with a dynamic range such that the lower, more frequently encountered



2
rates can be measured. The patch area of 100 cm thus provides adequate

current sensitivity and particle discrimination, and with such an area

the capacitance of the patch is sufficiently low that reasonable particle

pulse amplitudes are produced.

A photograph of the particle sensor used on the Titan IIIC is

shown in Figure 2. The entire assembly is made of 0.090-inch-thick

I stainless-steel pieces cemented to a fiberglass substrate. The particle

electrode is simply the 3-by-30-cm rectangle of stainless steel shown in

the lower part of the photograph. For best particle-pulse definition,

the sensor should be a conducting strip with its longest axis oriented

at right angles to the flight path. With this arrangement, particles

remain close to the skin as they cross the sensor electrode and gap, and

generate short, high-amplitude pulses. Ideally, the dimensions of the

particle-counting probe along the direction of flight should be smaller,

and the probe should be located away from the body of the vehicle--for

example, on a boom extending out from the body. Such an idealized design

was not possible within the constraints of the present program. Accordltgly,

the design of Figum 2 represents the nearest practical approach to the

idealized design.

Tho instrumentation for studying frontal charging is shown in

block form in Figure 3,. Particles impinging on the sensor induce

current pulses, the ac components of whiCh are fed through the coupling

capacitor, C, to the input of the pulse amplifier located immediately

behind the sonsor. The input resistor, It, Is chosen to that IIC (where

C is the stray capacitance to ground of the input eircuit) is small
B

compared to the time between successive pulses. The pulses out of the
amplifier are fed to an absolute-value amplifier. The untpolar pulses

from the output are used to trigger a pair of one-shot multivibrators.

The output from ouch multivibrator is integrated wtd used to driv@ u
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channel of the telemetry system. Since all of the output pulses produced

by a particular multivibrator are of identical shape, the output from

the integrator is linearly proportional to the PRF of the pulses at the

input. Thus the output is linearly proportional to the particle imping-

ment rate. Wider dynamic range for the system is achieved by setting

the multivibrator constants such that the top multivibrator produces

wider pulses than the lower one. Thus, for a given pulse rate, the top

multivibrator produces a higher dc output from its integrator than the

lower multivibrator.

The dc component of the current deposited on the probe flows

to ground through the low-pass RC filter, the input resistance of the

differential amplifier, and R2. The voltage developed by this current

flowing through the differential-amplifier input is amplified and used

to drive a telemetry channel. The value of the low-pass-filter input

resistor R is chosen to be high with respect to R. Also, R is located

phyaically close to the probe so that the charging-current circuitry is

effectively decoupled from the particle-counting circuitry. Switch S

is open the entire time that frontal-charging measurements are being

made, so that the power supply V is not connected to the differential
p

amplifier during this time. (Actually, the switch is open as long as

the payload fairing is on the vehicle.) The purpose ol the power supply,

the switch, and the ion-probe lead is to porwit the particle-current

circuitry fi, be used as a Langmuir ion probe in the ionosphere. It was

largely this ability to use the same dc-current-measuring circuitry both

for low-altitude frontal-charging studies and for ionospheric,-electron-

density measurement that dictated the choice of the fixed negatively

biased Langmuir ion probe for electron-density determination.

12



3. Streamer Counter and Dielectric Charging

The streamer patch is designed to provide a direct measure of

frontal-dielectric-surface charging and streamer-discharge occurrence.

The streamer pulse rate and the streamer current to an isolated dielectric

patch were measured using signal-processing electronics similar to that

used with the particle-charging system discussed in the provious section.

Since the charge transferred in a streamer discharge is at

least an order of magnitude greater than that transferred in an individual

particle impact, it is possible to discriminate between streamers and

particles striking the patch. Furthermore, the Intercept area for •

particles was made small by using only a fine conducting border about a

dielectric surface as the streamer collector.- A streamer patch about

the same size as the charging-rate patch thus has about the same average

charging current, while the streamer pul0-ecount-will be about one-tenth

the count of the particle patch.

The form of the sensor evolved for streamer studies is shown

in the upper part of the photograph.of Figurez2. A region of dielectric

3 by 30 cm is exposed to impinging particles.. The streamer electrode

is a 0.005-inch-thick strip of stainless, steel insulated irdm the rest

of the structure and protruding 0.005 inch onto the dielectric from the

lower edge of the rim around the dielectric region. Charge deposited.

A"- on the dielectric surface is relieved by streamers to the stremuer

electrode or to the surrounding metal structure. These streamer discharges

generate pulses in the streamer-sensor electrode. The dc current flowing

to the streamer electrode is very nearly equal to one-half the charging

current arriving on the isolated dielectric region (the other half of

the current flows to the g.ý,ounded surrounding structure).

The electronic system used for the streamer studies is of the.

same form as that indicated in Figure 3. Since streamer pulses Lire much

13



more energetic than the pulses generated by individual precipitation or

dust particles, the gain of the pulse amplifier in the system is reduced.

The dc-current-measuring system is identical to that used in the particle-

charging studies, since the charging areas are very nearly the same in

the two cases, and the currents should be the same. The design df the

system is such that the streamer-current electronics are used to measure

current from a second Langmuir ion probe in the ionosphere.

4. Summary of Characteristics and Sensitivities

The characteristics and sensitivities of the various components

7; of the Titan IIIC instrumentation system are shown in Table 1. It is

Table I

SUMMARY OF TITAN IIUC INSTRUMENTATION CHARACTERISTICS AND SENSITIVITIES

Sensor Paramet•rs Measured Nominal Range

1•ield meter Electric field (high gain) ±10 kV/m
Electric field (low gain) ±300 kV/m
Convection current (high gain) ±0. 1. mA/r 2

.Convection curront (low gain) .3 mA/m 2

Particle Particle impacts (low count) 0 to 1,000 pps
Coukitor Particle impacts (high count) 0 to 20,000 .pps

Streamer Streamer pulses (low count) 0 to 500 pps
Counter stwvawer pulses (high count) 0 to 10,000 pps

Particle- Current (high gail)

ourrmnt sensor Current (low gain) -3 tA
-------------------------*-----------m mm-~ ----- ---

Ion Probe No. 2 Current (high gain) o 0.1 pA
Current (,ow gain) Oto 3 pA

Stroamor- (urrcnt (high gain) ±0.1 IsA
cu'rent sensor Current (low gaii) ±3 pA

----- 1 -------- m---- --------------------------

Ion Probe No. I Current (higt. gain) 0 to 0.1 PA

. Current (low gain) 0 to 3 1A

i14



evident that dymanic range was achieved by employing two linear data-

output channels (differing in sensitivity by up to 30 dB) for each

parameter measured. The sensitivity limits for each measurement were

established using best estimates for expected values of the measuredF parameter. Details of these considerations are presented in Ref. 8.

5. Installation of Test Vehicle

The general form of the Titan IIIC test vehicle and the physical

placement of the electrostatic-study instrumentation on it are shown in

:•Figure 4. All of the electronics and sensors are located either in the

transtage or the payload fairing. Both of these structures stay with the

-vehicle throughout the early staging. The puyload fairing is Jettisoned

280 seconds into the flight at an altitude of 400,000 feet. The tran-

stage remains intact and operating until the time of payload orbit

injection.

A more detailed illustration of the tintrument lor.ations, is

given in-Vigure 5. The purticli!/stroeaer s•ensor is installed on the.

outside surface of a door in the no08. of the payload ftiring. (Tite r. re-

samplifier associated with this sensor is located imwLdiately behind the

.,. .sesor on the iid of the door.) This locatiou was chosen beeause it

plcees, the surface of thle sensor at roughly 4V to thle axis of the rket..

This locution is away from the stagnation rogion at tile no1e, but still

"not so far back on the rocket that the seonur is shielded frVM the

particles. A location on the vehicle at 000 fr•m tile target direction

was chosen to minimize chanigcs In purticle impingement resulting froim

changlu airflow patterns about the probe during vehicle maneuverig.

%lie in-flight maneuvering of the Titan II1C is such that the pitch of

the rocket (in the plano of the target directiob) is non-zero, and changes

from tioe to time during the flight. No deliberate changes are made,

however, in the yaw direction, and the yaw augle is maintained near zero



PARTICLE/STREAMER
SENSOR ON OUTSIDE

PAYLOAD FAIRING
PREAMPLIFIER ON

INSIDE PAYLOAD

RFAIRING
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*ete ee
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BOOSTER FIRST BOOSTER
STAGE STAGE STAGE

TA-8428-10

FIGURE 4 SKETCH OF TITAN IIIC TEST VEHICLE
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throughout the flight. Thus the airflow patterns about the sensor should

be constant during flight.

To avoid particle impingement, the field-meter sensor' was

located on the side of the rocket away from the target direction. Since

the vehicle operates in a pitched-up attitude during much of the launch

trajectory, the back side of the vehicle is shielded from particles.

B. Ground Instruments

1. Titan

As was indicated earlier, the purpose of the Titan ground

experiments was to generate data to supplement those from the flight

vehicle, and to provide a common set of measurements to unify the Apollo

and Titan electrostatic experiments. As is indicated in Ref. 9, the

Apollo experiments were designed to use launch perturbations in the

gzrouud-electrostatic-field structure to infer as much as posvible about

the electrical appearance of the launch vehicle (e.g., whether the vehicle

Is htghly charged, and whether the conducting portion of the plume is

thousands of foot long). The SRI Apollo instrumontation consisted largely

of field motors arrayed on tihe ground arouud tile launch pad and oil the

lauunch tower. A similar ground installation was used for the Titan

lauanchc.

A drawing of the launch pad 9howin tlhe five gixrund field-meter

locatio'iw Is given in Figure 6, Field moters wore itstalled at the

followluz atatious:•

•lTraek by tower (A), 320 ft from pad

* Gualxl gate (H), 610 it frMpad

* Outside fence (C)f 1090 it from pad

0 Flamo trench (D), 430 it from pad

* llmbilical tower (E), 170 ft above pad
18 i
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During the early part of a Titan launch, the exhaust Is directed east-

ward via the single exhaust duct extending east of the pad as shown in

Figure 6. To minimize coupling to the exhaust products (which generally

are charged), a set of field meters A, B, and C was set out in a line

to the south of the pad at right angles to the exhaust duct. Field meter

D was positioned slightly north of the exhaust-duct axis to couple

strongly to the exhaust products. Field-meter E was located on the top

of the 170-ft umbilical tower to couple strongly to the rocket as it

moves by the tower, in an effort to measure the potential of the vehicle

as it moves by.

A photograph of a typical ground field-meter installation is

shown in Figure 7. All the electronics and the strip-chart recorder

were housed in a plywood box that protected the systemA from the weather

and provided a convenient base for sandbagging to protect the instrumen-

tation from the launch blast. The field-meter detector head is positioned

upside down 131 inches above ground and a lew feet toward the pad from

the instrumentution box. (Inverted-field-motor operation avoids problems

with the motor bearing and insulator design when the sensor must be

operated in the raln.) Electrostatic cage calibrations provided the

true ambient olect.otattic field Srom the field that was read at the

detector face.

A photograph ok the field-motor installation on top of the

umbilical tower is shown to Figure 8. The field-moter detector head is

positioned upside down 20 Inches above the top of thQ tower. The field meter

installed on the umbilical tover Is one of the heavy-duty units developed

for the Titan III onboard field measurements, and was qualified to a

160-d13 acoustic envivonment, and to a 13 60-g peak shock. Electrostatic

cage calibrations indicate that the ambient electrostatic field at the

field-motor location on top of the tower is 27% of the field reading at

the meter face. Also, the umbiont field that would exist at ground level

20



FIGURE 7 TYPICAL TITAN III GROUND FIELD-METER I NSTALLATION
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is 12% of the ambient field at the top of the tower at the field-meter

location. Thus, to obtain true tower-top fields, field-meter-E readings

must be multiplied by 0.27 while, to obtain the true ambient earth's

field, field-meter-E readings must be multiplied by 0.12 X 0.27 0.032.

2. Apollo Launch Instrumentation

The SRI field-meter layout used during the Apollo 14 launch9

is shown in Figure 9. Field meters for the Apollo 14 launch, Qnd also

for the Apollo 13 launch, were installed at the following locations:

0 Crawlerway, 5740 ft from pad
(slightly north along crawlerway road for Apollo 13)

0 Slidewire, 2780 ft from pad

* Parking lot, 2500 ft from pad (oply Apollo 13)

* Camera pad 5, 1310 ft from pad

* Camera pad 4, 1300 ft from pad

0 Umbilical tower--LUT, 340 ft above pad (only Apollo 14).

During Apollo launches the exhaust is channoled into two flame trenches:

one extending north of the pad and the other south of the pad as shown

in Figure 9.

The main Apollo array of three field motors, at camera-pad 5,

crawlorway, and alidewiro sites, is located along a line roughly at right

angles to the flame trenches and is unalogous to the main Titan array

of three field motors south of the Titan launch pnd. Apollo fiold-moter

sites at camera-pad 4 and the pariing-lot (Apollo 14 only) are comparable

to the Titan flamo-tiench site In that they all couple tightly to the

flame trenches. It should be noted that Apollo sites are located furthor -

away from the pad titan tle Titan sites, A field-moter Inatullation was

also placed 340 ft up the 380-ft launch umbilical tower (LUT) for the I
Apollo 14 launch to couple strougly to the Satura as it was passinia

the tower.
23
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III DESCRIPTION OF FLIGHT

A. Titan IIIC-20

The Titan IIIC-20 flight was conducted in early Spring of 1971.

Time of SUM ignition was 0743:01.24 GMT.

14
A general Titan III mission is described as follows: The vehicle

is launched at the AirForce Eastern Test Range (AFETR) on a 930 flight

azimuth. The transtage and payload are injected into an orbit of 80 X 95

nmi at the completion of the Stage II burn. The transtage engines are

then ignited and a transfer maneuver is performed at the first equatorial

crossing (over the Atlantic). This transfer maneuver produces an orbit

with an' apogee of 19,323 nmi. When the apogee is reached, the transtage

engines are ignited for the second time and a plane change/circularization

maneuver is performed. This maneuver produces a synchronous orbit (19,323

nmi) in the equatorial plane. Shortly after the second shutdown of the

transtago engines, the vehicle is reoriented to the payload-separation

attitude. Following payload separation the Attitude Control System (ACS)

and main engines of the transtage are disabled, and the Titan III por-

tion of the mission is completed. Thermal maneuvers are performed while

the rocket is in the transfer orbit orientation. This orientation re-

suits it the transtage roll axis being aligned within 200 of the launch-

site inertial vertical with the outer gimbal equal to ± 1600. This

roll-axis attitude is held constant while a back-and-forth roll

maneuver of ± 1120 amplitude is maintained. At each extreme there is

a dwell time of 276 ±3s. The roll rate used is 1.0 + 0.1, -00/s.

Launch time is chosen such that the insolation vector is within a 600

half-angle cone measured forward and aft from a plane normal to the

transtage Ioll axis. During the transfer period, these thormal-orientation

25



maneuvers are interrupted three times to allow the attitude control

system to orient the vehicle to an attitude that permits the ground

station to receive telemetry data from the vehicle.

A clear stable atmosphere and no cloud formations existed in the

AFETR area at the time of the Titan IIIC-20 launch.

"All test instruments worked on the ground and in flight to synchronous

-?rbit. Interesting electric-field data were recorded on the ground prior

to launch and up to 1 or 2-minutes after launch (corresponding to vehicle

altitudes of 36 to 135 kft). Flight-test data were obtained during the

following six telemetry windows:

Spproximate A ltitude

Boost phase 40 to 400,000 ft

First transtage burn 80 to 150 nmi

310 to 430 nmi

Coast phase 1350 to 1450 nmi

1830 nmi

Second transtage burn 19,300 nmi

and payload ejection

A post-flight reconstruction of the C-20 trajectory was made availuble
by Martin Marietta Corp. covering all powered phases of flight. ACS

activity was identified on the reconstruction for all telemetry windows.

Sun orientation relative to vehicle roll axis and roll plane was also

available for vehicle flight events during ionosphero flight.

13. Titan IIIC-21

ITe Titan IIIC-21 flight was conducted in Fall 1971. Time of StM

ignition was 0309:05.44 GMV.

26



The general mission of the C-21 flight is similar to that described

for the C-20 vehicle except that a double payload was released at 19,400

nmi during sequential times.

Flight-test data were obtained in the following seven telemetry

windows:

Approximate Altitude

{ Boost phase 20 to 500,000 ft

Park orbit 80 nmi

First transtage burn 100 to 200 nmi

1. 4,200 nmi

Transfer orbit 14,200 nmi

18,600 nmi

Second transtage burn

and satellite ejections 19,400 nmi

Data concerning powered flight trajectory, ACS activity, and flight-

evont sun orientation wore made available for the C-21 flight by Martin

Marietta Corp. ACS jet pressure data were also provided for correlation

with electrical measurements.

27



IV LIFT-OFF PHASE

A. Airborne Data

1. Titan IIIC-20

Onboard instrument data for the first minute after launch are

shown in Figure 10. In general, particle and streamer sensor activity

was very minimal. This is to be expected in view of the clear weather

conditions at the time of launch. In fact, the only indications from

these two sensors in this flight regime consist of a few particle counts

(25 to 50 pps measured starting at roughly 20 kft altitude). There was

no accompanying indication of particle or Atreamer current und no change

in veoiicle potential indicating charge acuumulation on the rocket. It

is not clear, therefore, what inteilrotatiou should be placed on the

bur't of particle-counter activity.

The field-motor record at the timo of launch is far Vora

intoresting. In view of the. xistting stable aud clearmeteorOlogical

conditions at launuh, rockot charging is ovideutly caused by processas

in the ionized rocket exhaust. It is seen that the C-20 vehicle btgint

* - charging negatively about 2 a after SIMt ignition. (Soo Appenidix A for

polarity convention adopted in this report.) -heo rocket potential roains

* at approximately -20 kV until about 7 6 after liftoff (at 0743.09.5),

when th-a rocket altitude is 650 ft. The subsequent abrupt increase in

negative potential can be interpreted to indicate that the highly

conductive portion of the rocket exhaust blvaks contact with the ground

at 650 It. This behavior Is consistent with the Apollo work of Uman;.

he has indicated that the visible rocket plume (length approximately

1 625 ft at ground level) is a uhifowaly good conductor, but that the

29
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conductivity drops quite rapidly with further increasing distance along

the exhaust trail.

Launch movies indicate that when the rocket reached an altitude

of about 600 ft, the exhaust clouds in the vicinity of the pad

changed from a grayish, white appearance to a reddish, orange appearance.

The portion of the rocket plume impinging on the pad also exhibited this

change at about 1000 ft rocket altitude. This visible change in exhaust

characteristics apparently indicates a cooler exhaust and a concomitant

reduction in plume conductivity.

The C-20 vehicle reaches 200 kV negative potential about 12 s

after SRM ignition at an altitude of 1.4 kft. The potential is held

nearly constant at 200 kV for nearly 5 s. (Limiting probably occurs as

the result of corona discharges from vehicle extremities.) Altogether,

the rocket potential remains above. 50 kV between 800 and 4000 ft (9 to

20 s after ignition). At these altitudes the vehicle, as viewed by

camera, is trailed by an exhaust plume removed from local exhaust clouds

Sgenerated in the launch area. The vehicle returns to approximately zero

potential 34 s after launch at an altitude of 12 kft. At this altitude

the rocket plume is not visible in the launch movies. This behavior agrees

with aircraft experience where engine-charging current monotonically

decreases as the aircraft climbs.

We may now use the rate of change of rocket potential to estimate

rocket-engine charging current. From Figure 10 we observe that, during

the period of rapid potential increase, 6V/At = -105 V/s. From measuro-

ments made on a scale modal of the Titan IIIC vehicle, the self-capacitance

? C of the vehicle is 1000 pF. The charging current I is given by
ch

i C AV/At
oh = c Ain

,•: = -10- X 105 I

= -100-
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Both the polarity and magnitude of the charging current are in good

agreement with engine charging current observed on large American jet
16

aircraft. These currents were in the range 100 to 200 pA for "dry"

takeoffs (with the aircraft charging negatively), and increased by a

factor of 3 to 5 during water injection. In a series of tests on 17

small solid-fueled motors, Boeing measured charging currents in connection
17

with its minuteman program. The motors were in the 200-to-500-lb

thrust range. The chargiiv currents varied from less than 0.1 pA for the

200-lb-thrust-motors, to slightly over 2 pA for the 500-lb-thrust-motors.

The motors apparently charged to a negative polarity. Although it is

not clear how one should scale data from a 200-to-500-lb rocket, to
6

apply a Titan IIIC with a thrust of 1.2 X 10 1 at least the polarities

are in agreement, and the small rocket-motor ( .nt is substantially

smaller.

If we assume that the rocket-motor charging processes remained

unchanged from liftoff to 630 ft altitude, we can estimate the plume

resistance R required to restrict the vehicle potential to 20 kV during

this time. Employing Ohm's law

p v

whore V . Vehicle potontial

I Charging ourront

und substituting nuxerictcl valuos, we obtain

2 x 1.0

100 X 106

200 M.

2. Titan IIIC-21

Data generated by ouboard instruments during the first mi"ute

alter C-21 launch are shown in Vlguio 11. This rcuord obviously shows

32..• • . • . . . .
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far more activity than the C-20 data in Figure 10. Inspecting the rocket-

potential record in Figure 11 we see that in the first two seconds after

ignition, the field meter indicated a field change corresponding to a

positive potential of 50 kV on the rocket, It is not clear what physical

explanation should be offered for this initial positive potential

excursion. The rocket has barely moved from the pad, so that the plume

is certainly in good contact with the ground; thus, based on the C-20

experience, one would expect the rocket potential to be low. Seeking

some transitory charging process involving the rain does not seem

promising because the field meter was exposed to the rain and its reading

was steady until SRM ignition.

Following the initial positive excursion, the potential assumed

a low negative value and remained there until 0309:14 when the rocket

reached 650 ft altitude. At this time the potential rapidly increased

to a maximum of -100 kV. This rapid potential change again suggests

that the conductive plume breaks contact with the ground when the rocket
4

reaches 650 ft. The rate of potential increase is AV/A t = -5.5 X 10 V/s.
4 -9

This corresponds to a charging current of i -5.5 X 10 (109) -55 P,
chg

wideh is roughly half tile rocket-motor charging current observed during

the launch of C-20, After reaching -100 kV, the rocket potential gradually

decreased and remained within the range *15 kV for the rost of the flight

through tile atmosphere.

Bloth the particle- and stroamex-counter channels indicate that

negative charge is arriving on the sensor immediately after 51m ignition.

It is very likely that these sensor currents do not reprenent actual

charge arriving on the vehicle, but rather are electrochemical currents

flowing in each probe system because the pn'bos eie wet from the rain.

(Thie probes wezr uncovered prior to -lunch.) Although the sensors wore

Made entirely of stainless steel, there is often sufficient difference

in the metuls that battery action can occur. This effect was ofton



vi

observed on aircraft flights through rain where it was found that the

current would gradually go to zero after the aircraft left the rain cloud

and the probe dried.

True charging by precipitation begins unequivocally at 0309:36 GMT

at an altitude of 10 kft when the particle counter first indicates

particle impacts. Particle counting and particle current persist until

0310:00 when the rocket reaches 32 kft altitude. This occurrence of

chargirg is in agreement with the available information regarding cloud

structure at the time of launch. Figure 12 shows the AGC (Automatic Gain

Control) record from the AFETR radar taken at 0130 GMT (roughly ij hours

prior to the launch). This record indicates that clouds existed from

10,000 ft to at least 40,000 ft. At the time the record of Figure 12 was

made, there were altitudes in this range (17,000 ft and 24 to 30,000 ft)

free of clouds. The weather was so variable, however, that at the time

of launch it is quite possible that the cloud structure was solid from

10,000 ft to 32 kit. (Roughly two hours after launch all of the clouds

ovar the pad had cleared and stars were visible.)

Tite particle-probo data indicate that negative chargo is arriving

on the rocket. This is in agreement with the charging polarity observed

during aircraft flight in procipitation. Further comparisons with

aircraft flight-test rosults are, also intoeosting. For example, at

0309:45 GIAT, when the particle current is maximum, i 0.8 A; the pax-
3P

ticlo count N is 6 X 10 particles/s and the rocket velocity v is

roughly 1000 ft/s tt 30$u a/s. Since the particle-probe area is A = 100 cm

2
i 0.1 ft , this means that the frontal charging rate i/A w 0.8/0.1 =

8 pA/ft This value is in eocollent agreernent with aircraft flight-test

"Pexpx1ottce, which indicates peak frontal chargin of 5 to 10 pA/ft 2

.2
in cirrus aund 30 VA/it in frontal snow.

3,S
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The particle density p in the cloud can be found from

-N

Av

3
6 x 10(

0.01(305)

3 .3
= 2 x 10 particles/mr

Aircraft flight-test experience indicates that typical maximum particle
4 3

concentrations are, for cir.us-type clouds, 2 X 10 particles/m , and
"for a thunderhead, 6 x 104 particles/r3. Tut ('tan particle-

-}•.es/ fo h n er e d hus, tl<.1

density data are an order of magnitude below the maximum values measured

in the aircraft flight-test programb.

The charge qp acquired by each impinging particle can be found

simply by dividing the particle current by the particle count

q i /N
p p

;0 . 8 X 10-60
•;? - =1.3 X 10"1 (3)

3
F.,. 6 X 10

= 130 JC

Charges of the order of 10 to 60 IpC were measured ddring subsonic
18,19

aircraft ilight tests. In more recent tests on an F-4 aircraft,

particle charges ol up to 100 X were measured.

T.e streamer study instrumentation also snerated interesting

"data during the period of maximum precipitation cha•'ging. It should be

noted that streamer counting does not start until 0309:45 GMT, almost

10 s after the onset of particle counting. This is reasonable because

the plastic surface takes time to become charged.before streamer discharges

A report on those flight tests Is currently under preparation at SmUas

the l•inal Report on Project 7104.
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can occur. It is also interesting that the streamer current is not steady,

but there are peaks of current corresponding to bursts of streamer

occurrence. The charge q transferred per streamer discharge can be
s

estimated from the streamer current i and the streamer count N5 ,
S

using the relation

i
S

q = - (4)
s N

For the period of maximum streamer current at 0309:45 GUT, we find i -

2X10 A andN =20, so that

2 x 10 8

qs = 20

-9
=10 C

This result is in perfect agreement with the results of ground- and

19
flight-test studies oif streamer processes, where it was found that

the charge, transferred per stru, •wr was 1 to 1.5 X 10 C.

3 . C~om arison.-with_ 707 .Vato_

Although many aspects of the Titan IIIC-21 electrostatic

behavior have bean similar to Llhat observed on laxgo jot aircraft, thero

are important differencos. F'igure 13 shows plots of the potential of

the Titan IIIC-20 and C-21, togothor with a typical record of the poten-

tial of a 707 aircraft during takeoff. It the case of the 707, eng•ue

charging causes the potential to rise to 100 to 150 kV (depending on

whether water injection or dry engine operation is beit% used) Itaediateloy

when the wheels leave the ground. In the case of the Titan 1I1CO the

conductivity of the exhaust plume in contact with the ground holds the

potential down until contact is broken at an altitude of 650 ft. Then

the potential rises to 100 to 200 kV.
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As the 707 climbs, Its cleoar wether, its p3tonttul gr•dually

docron•0eo MonotollItlly to zoro. If the 707 encoUllterS prIlipitution,

its potential riaca to 50 to 350 kV (the precise value deponldS Ott the

density and type of cloud), 11w potentiul of Tltut IIC also derouaeo

to 7,to .9 tile rOcket C1it,0W. Ilowoverj tile Titun potottiul is only

slikhtly aufectod by an encounter with procipitattlon. Ftor example, In

iFgure 11 at time 0309;45 GUT we showod that tile frontal churgiuN. zunt
2Is 8 iA/t (At this churging rate, the 707 potontial would reach 150

kV.) This Insensitivity of rocket potential to charging undoubtedly

atems from the high conductivity of the high-tempoeature rocket plume.
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Similar behavior is observed on fighter aicraft equipped A:ith after-

burners. For example, in flight tests on an F-4 at Eglin AFB , it was

observed that operating the afterburner on takeoff increased the engine

charging, thereby increasing the aircraft potential. On the other hand,

if the aircraft was at operational altitude, the activation of the after-

burners served to help discharge the aircraft and reduce its potential.

It is interesting to estimate the total precipitation charging

2
current to the Titan at the time at which charging rate was 8 pA/ft

Referring to Figure 5, we note that the payload fairing has a hemispherical

nose followed by a conical section that transitions into a cylinder.
2

Let us assume that the 8-pA/ft charging rate can be applied to the entire

hemispherical region, and that there is no charging aft o. this point.

* The diameter of the vehicle at the bottom of the hemispherical section

is roughly 7 ft. Thus the projected frontal area effective in charging
2

is 38.5 ft

1,rom this it follows that the total charging to Titan IIIC-21

at time 0309:45 GMT is I 38.5(8) = 308 pA. This current was discharged
T

via the ionized engine oxhausts at vehicle potentials substantially below

corona threshold level,

11. Ground Unta

The Titan IIlC ground instrumentation array was described in

.Section II-U. Thits instrumontation was used to record data during the

launches of C-20 and C-21. Good data were obtained on those instruments

on both launches. A detailed discussion of the ground data and its

interpretation is presented in Appendix B. Some of the essential details

will be discussed here lor the sake of continuity.

A report on these flight tests is currently under preparation at SRI

as the Final Report on Project 7104.
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The purpose of these measurements was to investigate the degree to

which information recorded from ground instrumentation can be used to

infer the electrical characteristics of a vehicle during the early lift-

off period. If it were shown that such ground measurements are indeed

capable of generating useful data, considerable information regarding

vehicle electrical parameters could be gained from a wide variety of

vehicles at relatively little cost.

On the launches of both Titan IIIC-20 and C-21 it was found that in

the immediate vicinity of the vehicle, large field variations were observed

on the instruments located on the ground. It was argued that these

field variations probibly stemmed from the fact that a wide variety of

exhaust, steam, and debris clouds exist near the launch tower and flame

trench in the early stages of the launch. It is likely that these various

clouds carry different amounts and polarities of charge. A field meter

located near the launch tower will be affected by these clouds as they

pass by and will indicate erratic field variations,

The field meters farther removed from the launch tower indicated

that the launch generated a region of negative charge in the vicinity of

the launch pad. The time history of the measured field variation %an

such that it could not be ascribed to a negatively charged vehicle

climbing up from the region of the pad. The ground field variations wore

much too slow to be compatible with chis physical picture. In general,

* Iit was concluded that the electric field measured on the ground stemmed

from a lnrge negative charge residing on the clouds generated during

the launch. As the cloud drifted away and dissipated, the field in the

vicinity of the pad gradually returned to its original level.

The above observations are in good general agreement with the

results of ground field measurements made during the Apollo 13 and 14
L. 9

launches. During the Apollo launches, however, it was found that a
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positive field excursion was generated by the launch at locations removed

from the pad.

In addition to field meters emplaced around the launch pad, a field

meter was installed on the launch tower for both Titan lauhchea and for

the launch of Apollo 14. Comparison of onboard Titan field-meter data

with the readings of the launch-tower field meter indicate that the

launch-tower data can be used to determine vehicle potential when the

Titan is in the range 50 to 170 ft, nozzle height. In this altitude

regime, charge on the vehicle couples strongly to the launch-tower

field meter. When the nozzle height exceeds 170 ft the flame is viewed

by the field meter and the readings are no longer related to vehicle

charge. Unfortunately, the conductive flame keeps the rocket potential

dowtu until the vehicle reaches 650 ft altitude, so that the vehicle-

potential meaourement from the tower is not able to supply any information

about the ultimate potential of the rocket once the plume breaks

electricel contact with the ground.

An interesting result frctm the Apollo 14 launch-tower field-motor

measuroment is the ,Qbservation that the engines charged the vehicle

positively. (It willt'bo recalled that both Titans charged negatively.)

At the time the engiaeo reached the field metor, the measured field

magnitude indicates that tile Apollo 14 potential vas less than 60O0 V.

This is in agreement with the argument that the plume co.tduetlvity holds

down the vehicle potential while the wonductive part of the plume is in

contact with thle ground.
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V FLIGHT DATA BELOW 500,000 FT ALTITUDE

A. Titan IIIC-20 Data

One of the interesting events observed during the time the rocket

was below the ionosphere was associated with the principal period of

particle-counter activity during the launch of Titan IIIC-20 shown in

Figure 14. Here occasional bursts of counting at approximately 50 pps

occurred at random times. There was no corresponding indication of

either particle current or streamer current. A single streamer pulse

is indicated at 0744:46.4 GMT. Interestingly, this is the altitude

regime at which the computer anomalies on Titans IIIC-lO and C-14

occurred. (The altitudes of occurrence ure shown in Figure 14.)

Evidence of particle impact at this altitude was not expected when the

experiment was being plaunnd, since approclable particulato matter does

not Usually occur at this altitudo, Nacreous clouds do tocur in the

ruage 60 to 120 kft, however, and it is possible that they were pre0s0nt

the iight of the launeli. An effort was made to obtain. independent

evidenpc for the cxisteinvo of nacr.ious clouds over AVE-TH the night of

the C-20 launch. Unfortunately, these cloudt' ýwre quitci rare, and nu

" systematic procoduio has been astablihod for their deteotion and

moni toriug.

Evidence that the par tile/streamer-current avd field-motor Sys'Voml

wore functioniing at the 100-kit ultitude regime and. that the absence of

cur'rent indications coincident with the counts is nklt due to instrument

malfunction is given in Figure 15, which shows the wi'cords of these

systems at the time of solid-rocket-lmotor (M3IJ) J'attison, At this time,

two rockuts (exhausts directed toward Oo T1 tan I atuge) are Activ, 1. 5
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FIGURE 15 MEASUREMENTS DURING FIRST STAGING OF TITAN IIIC-20

to move the solid, strap-on rockets away from the main vehicle. The

operation of the jettison rockuts bathes the vehicle (including the

transtage) in exhaust products. This exhaust striking the Langmuir ion-

"probe sensors undoubtedly generates the charging currents that saturate

both channels of both the particle-current and streamer-current systems.

'The same exhaust products impinging on the field-meter sensor produce

the noisy records shown. It must be concluded, therefore, that the

particle counts of Figure 14 were indeed not accompanied by approciable

charging current,
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In this regard, it is interesting to calculate the magnitude

41 z of particle-probe charging current that might be expected under these

circumstances. Flight-test measurements of particle impact charging

made on high-speed jet aircraft indicate that, following impact, atmos-

pheric ice crystals acquire charges of up to 50 ppC. Let us assume that

the particles of Figure 10 acquired the same charge upon impact. Since

we have 50 particles per second striking the probe, depositing a charge

of 5 X 10 C per impact, the current arriving on the probe will be

'-11

I probe 50 X 5 X 10 C/s

= 0.0025 pA.

Unfortunately, the full-scale deflection of the sensitive-particle and

streamer-current channels is 0.1 pA, so that a current of 0.0025 pA is

right at the limit of detectability-of the current-measuring system.

Accordingly, it is not surprising that there is no indication of charging

current accompanying the evidence of particle impact.

Before leaving the question of the encounter with particles at

100 kft altitude, it is interesting to invoke a further test. Experiments

Involving the firing of 5!32-inceh-diameter stool balls through clouds

oi ice crystals and dust indicate that charging by impact with the ice

crystals was zero at velocities 3500 ft/s and above, while impact with

dust particles produces charting to velocities of 4000 to 5000 ft/a,
20

depending upon the type of dust. The velocity profile shown in the

lower portion of Figure 14 indicates that, at this time, the rocket

velocity is in the rogime where particle impact charging Is marginully

possible. (It is not clear that the duta obtained with 5/32-inch-diamoter

balls at sea level shouid be applied ont a one-to-one basis to a 10-ft-

diameter rocket at higlh altitude. Thus it is conceivable that chauring

could peraist to tho velocities shown in Viguro 14.) It appears, therofore,

that the evidenco of particle impact of Figure 14 must be accepted as real.
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4 [An overall plot of particle data, streamer data, ion-probe data,

and electric-field measurements on the Titan IIIC-20 rocket from launch

to an altitude of 500,000 ft (approximately 80 nmi) about 8 minutes

after liftoff is shown in Figure 16. Particle and streamer currents

were measured from launch until the payload fairing (PLF) and the particle-

and streamer-current probes were jettisoned. After PLF jettison the

two ion probes were connected to the instrumentation and ion-probe

• [current was recorded. Also shown in Figure 16 are times of occurrence

of discrete events associated with the operation of the launch vehicle.

From an inspection of the figure, it is evident that much of the activity

is associated with these discrete events. The first such activity is

S•.associated with the jettisoning of the SRM at 0745:06 GMT and has been

discussed in detail in connection with Figure 15.

t ,The next sensor activity began at roughly 0747 and was associated

with I-II staging. Starting at 0747, there was a 10-s period during

which the particle-current sensor indicated current flow, and a noisy

output was obtained from the field motor. These signals are consistent

with a physical picture of engine-exhaust products striking the field

"meter and the No.2 ion probe (the No, 2 ion probe is electrically con-

.nected to the particle-current electronics--see Vigure 3). It is

interesting to note from Figure 5 that the field moter aixi the No. 2

-. ion probe are in close proximity on one side of' the transtage, while

ion probe No. 1, which (lid not record any current flow, is located on

- L..the opposite side of the transtage. Thus, during the last 10 s of the

- Stage-I burn, it appeaor that exhaust products impinged on one side of

the transtago,

At the time of Stage-Il ignition, a large traatient signal appeared

on all sensors. Following this transient, the sensor readings wont to

o reo until the time of payloud-6urtrng jettison. At this time again,o

j transient occurred on all sensors.
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Following PLF jettison, the Langmuir-ion-probe function was

activated, and ion-probe current increased as the vehicle climbed. It

is of interest to compare the value of electron density indicated by

the Langmuir-ion-probe readings with published data and with the electron

density inferred from an ionogram made in Grand Bahama at the time of

launch. The analysis of Appendix C indicates that at 500 kft altitude,

the electron density N
e

10 3
N = 4X10 I el/cm (5)e

where I is the ion-probe current in amperes. At the time of Stage-II

shutdown, 0750:40 GMT at an altitude of 500 kft, both ion probes indicate
4 3

a current of 0.7 pA. From Eq. (5), this means that N = 2.8 X 10 el/cm• e

This result is in reasonable agreement with Figure 17, which shows repre-
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FIGURE 17 IONOWERIC ELEC'TRON DENSITY
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Sentative curves for ionospheric electron density as well as the data

from the ionogram recorded tie night of the launch. The ionogram data

do not extend down to an altitude of 500 kft. The available data,

however, lie roighly midway between the representative day and night

curves in the figure. Thus it appears that, at 500 kft, an electron
4 3

density of 1 to 2 X 10 el/cm would be in agreement with a Judicious

extrapolation of the ionogram data as shown by the dashed lines in the

Figure 17.

Beginning shortly after PLF jettison, the field meter indicates a

progressively increasing negative field. According to the sign convention

adopted for the field-meter polarity, this means that the vehicle is

becoming positively charged with respect to its surroundings. No definite

physical argument for this charging is available. It is undoubtedly

connected with entry into the ionosphere, but the precise processes active

are complicated by the fact that the Stage-II engine is operating at

this time.

B. Titan IIIC-21 Data

An overall plot of particle data, streamer data, ion-probe data,

and electric-fiold measurements on the Titan XXIC-21 rocket to an

altitude of 500 kit is shown in Figure 18. Thore are some similarities

with the C-20 flight data for this altitude rogime, but the detailed

behavior is different. One of the obvious differences is the high level

of particlo-counter activity during the C-21 flight. As was discussed

earlier, particle counts below 32,000 ft altitude coincide with frontal-

charging-current flow resulting from triboolectric charging during flight

through clouds of precipitation. Above 32 kft in Figure 18 the source

of the particle oounts is not clear. On the actual strip-chart recorda

from the C-21 flight, the character of the particle-count record starting

at 0310 is very unusual. Ito counter output consists largely of a series
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of pulses with a very regular PRF of 10 pps. The pulse rise time of

0.02 s (two samples at a telemetry sampling rate of 100/s), indicating

that all of the counting occurred in this brief period, and that, during

the remaining 0.08 s, no counting occurred. Occasionally the rise of

the pulse occupies 0.05 to 0.08 s (5 to 8 sample periods). Since each

sample period in the rise of the pulse added an almost equal increment

of amplitude to the pulse, the pulses with the 0.05-to-0.08-s rise time

are from 2 to 4 times as high as the more usual 0.02-s-rise-time pulses.

During this period of unusual counter output signal, the ratio of the

ihigh-gain and low-gain counter outputs is not consistent with the

re.Aative sensitivities of the two channels. In addition, the particle

counts are not accompanied by charging current. It appears possible,

therefore, that the signals activating the counter circuits were not

generated by impinging particles, but wore associated with some spurious

process such as sensor microphonics. During the qualification testing

of the Titan-Ill sensor system, for example, slight "hair" or noise was

observed on the sensitive particle-count channol output during the

applicotion of the acoustic environment. Oil the qualification toot

unit, it was possible to got a noise response from the system by sharply

rapping the particle sensor with a screwdrivor handle. It io posoible,

therefore, that the particle counts registered beginning at 32 kft ali•-

tude are spurious and result from a microphoniic particle Sensor. It

should be recalled that the stage-zero or stage-one engino is operating

throughout thls time, so that the acous tic noiso levels oil the vehicle

are high. Altornatively, it is possible that some electrical signal on

Ithe rocket was coupled into the counter. The source of such a sigiml is

not known at this time.

The obsorved siguals could be produced it the PU" door and particle-

sonsor structure were resonant at 10 1iz, and if the menuor microphonles

generated bursts of noise signals of a substuntially higher frequency
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when excited by the 10-Hz vibration. The 10-Hz excitation would account

for the regular lO-pps pulse rate. The character of the counter circuits

is such that their response to a signal consisting of bursts of modulated

high-frequency noise would cause both output channels to generate

comparable signals. This anomalous behavior of the particle counter

appears to end at 0311 GMT, so that the data after this time are probably

more reliable. However, in view of the fact that anomalous behavior was

observed during the period 0310 to 0311, the subsequent data are suspect,

and have not been analyzed in detail.

Continuing with the review of Figure 13, we find that at the time of

SRM separation at 0311:08.57, all of the sensors are affected, as they

were during the launch of Titan IIIC-20.

Starting at 0312:30, current flow begins on the particle-current

channel. A few seconds later, at 0312:50, current flow starts on the

streamer-currevt channel, and noisy output signals are observed on the

fiold-motor channel. This same general behavior was observed oi the

C-20 flight, except that on the C-20 flight the streamor-current channel

was unaffected. There it was argued that the obsoervd signals wore

colsistent with the physical picture of engine-exhaust products striking

the sensors oil the trallstage, It is not clear why such U flow of exhaust

products should be nssociated with the end of the Stage-I burn, since all

of those slgnals go to zero at Stago-l1 ignition, at 0313:24,01.

the senvor readings remainud at zero until the time of PLF Jettison.

At this time a tuatnsient was observed on all soitsor chtainnels.

Starting at 0315:40 GQkT, un itPeasitig ion current in collected by

both ion probes. By 0316:30, wheln the iiocket has roached 500 kft altittzie,

the current in each probe is 0.7 pA, indicating an ambiont electon dentsity
4 3

of 2.8 x 10 el/cm 0 in agivement with the value measured on the C-20

flight. Whoreas, on C-20, aeither tou-curront chaannl was affected by
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Stage-II shutdown, on C-21 the No. 2 ion current goes to zero at 0316:46.52

when the Stage-II engine is shut down, while the No. 2 ion-probe current

drops to 1/3 of its previous level. This result means that engine

operation can markedly affect the electron and ion density at the ion-

probe location. Accordingly, electron-density data obtained during periods

of engine operation are very likely not representative of the undisturbed

electron density at that altitude.

The jettison of the C-21 Stage-II engine at 0317:02.58 generated a

large transient on all sensors. It is interesting that the jettison of

the C-20 Stage-II engine produced no effect on any of the sensors.

5 In Figure 18, the field-meter record after PLF jettison indicates

that the vehicle gradually charges positively with respect to its

II surroundings. The magnitude of the field and its time structure are in

good agreement with the experience on C-20.
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VI FLIGHT DATA IN UPPER IONOSPHERE

A. General

During the upper-ionospheric portion of the Titan IIIC flights,

data were obtained from the field meter (electric field and ion current

density) and from the two ion probes. The readings of these instruments

were strongly affected by the operation of tbe attitude-control-system

(ACS) rockets. In the upper ionosphere, the orientation of the vehicle

with respect to the sun is of great importance in determining the sensor

signal. For example, when a sensor surface is illuminated by the sun,

photoelectric current is emitted from the sensor. Such current can be

misinterpreted as an incoming positive ion current. To assist in the

interpretation of the flight results, sun-orientation data were made

available to SRI for discrete times corresponding to the occurrence of

specific events on the rocket during ionospheric flight.

It is important to note that the rationale behind extending the

experiment to the ionosphere was not to obtain basic data regarding

Ionospheric properties over the flight trajectories. Rather, the primary

purpose was to observe the ways in which the electrostatic and plasma

parameters vary during flight as a specific vehicle, the Titan IXIC,

passes through successive regicts of the ionosphere anti as various

operations of the vehicle are carried out, In planning u purely scientific

experiment, one adjusts the form of his vehicle including shape, materials,

outgassing, periods of engir: operation, and so forth, to optimize the

Saccuracy of the projected measurements. For the present exparimetit, on

the other hand, it was important that the instrumentation modify the

physical characteristics of the flight vehicle as little as possible.
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The form of the mission was not changed in any way to accomodate the

electrostatic experiment. In spite of these limitations, it is important

to compare what the present experiment indicates regarding the ionosphere,

with accepted data to verify the general functioning of the instrumentation

system.

A detailed review and analysis of the flight data from the ionosphereI. has been carried out and is presented in Appendix D. Only certain of

the essential results will be d:.A•cussed here.

B. Essential Results

As the flight vehicle climbs into the ionosphere, the ambient elec-

tron density gradually increases until the peak of the F layer of the

ionosphere is reached. Above the F layer, the electron density decreases.

These changes in electron density were evidenced on the Titan IIIC

flights by systematic variations in ion-probe current as the vehicle

climbed. In general, the electron-density values inferred from the

ion-probe currents duriig the flights wore in quite good agreement with

published data throughout each flight.

Each ion probe consisted essentially of a stainless-steel plate
2. 137 cm in area positioned on the surface of the volitclo and biased 10 V

* negative with respect to the vehicle. This bias attracts positive ltons

frXom the plAsmU, and the resulting ion current cun be inteipreted in

teris of an ambient ion/electron deotiity. it is important to note,

0howevOr, that a 0tainless-steel plate illuminated by the sun will emit

photoolectiuns. Theso photooloctrons will be ropolled by the negative

potential on the probe. The electronic system cannot distinguish this

photoelectric current from true ion collection current, and under condi-

tions of low ambient ion density, the photoelectron curreut can be

almost an order of magnitude higher than the ion colloetCou current.

*,.

__ _ _ __:



bW9 • j¶If . :~;•.•qqgf qr"L9-;-: rsw ,-w - W, '• * . it.• .. *•• .. ,. U' . t.tt•., •• -=. ri-wi... *.... .....

By employing data regarding vehicle orientation with respect to the

sun, it was possible to sort out ion current from photoelectron current.

This process is assisted by the fact that two ion probes were used in

the experiment, with one sensor on the opposite side of the vehicle

from the other. In this way, when one probe is in the sunlight, the<I other is in the shadow of the vehicle.

Very good agreement was obtained between measured values of photo-

electron current, and values predicted from recent laboratory experiments

using stainless-steel electrodes illuminated by an ultraviolet source.

The good agreement obtained between the measured ion-probe data and

r •accepted values of electrical parameters indicated that the ion-probe

system functioned properly throughout the flight.

Functioning of the field-meter systems was also checked by comparing

their indication with the readings expected in the plasma existing at tle

vehicle altitude. In general, a body in the ionosphere collects negative

chargo from the ambient plasma, which tends to charge the vehicle to U

negative potential. If the vehicle is illuminated by the sun, photo-

electric emission f rom the vehicle generates a. current toeding to charge

the vehicle to a positive potential. In the ionosphere, the ion/electron-

density is sufficiently high that electron collection dowinutes and the

vehicle is negatively charged. As the vehicle climbs to oin attitude of

roughly an earth radius, the ambient ion/electron donsity becomes

sufticiently low that photoelectron emission dominates and the vehicle

becomes positively charged.

This behavior of vehicle polarity was observed on the field-meter

li-field channel. When the field meter was pointed at the sun, the current

. density indicated on the field meter J-field channel wvs In good agrement

with predicted photoemission current from a gold surtace (the field-

4 meter vanes weore gold plated).
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The charge flow to or from the vehicle results in an ion or electron

sheath about the vehicle across which most of the voltage drop occurs.

This voltage drop across the sheath generates an electric field at the

surface of the vehicle. This sheath field provided another opportunity

to verify the functioning of the field-meter system.

As was indicated above, the measured upper-ionosphere data are in

agreement with published values. Operation of the main engines on the

transtage engine produced large changes in both ion-probe and field-

meter readings. The character of ne field-meter readings was such that

it appeared to indicate that exhaust products were being collected on

the vehicle surfaces.

Following the first transtage burn, the vehicle attitude-control

system (ACS) was activated. Operation of the ACS rocket motors could

be dooctad on bo"t the ion-probo and field-moter systems. At synchronous-

orbit attitude, for example, the ion-probo current was increased by a

factor' of us much as 5 by the operatioii of the ACS jets.

"hOsL' date indicate that the exhaust productst from the ACS jets

diffuse to the vicinity of the vehicle where they can deposit on

vehCice aurfucus. If the exhaust products are tot blu1tgn their

dVposition Oil the vehicle surfaces can causeQ.d Ue datTon in the pe01oi-

Smnce of scetwor and optical surfacus.

Uoder s00o colldittows, it was not possible to completoly explai11

the measured data in terms of expected ambient onvi zrnment and theory

applicable to a completely coaducting vehicle. It vus orgued there that

the electrically lnsulating theiual-cowitrol coating applied i ) th•e surface

of the trunstagoe modifies the collection of current by the skili of the

vehicle.

At orbit altitude, the electric field indicated by the field meter

is higher thun expected, strictly on the basis of predicted vehicle
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potentials. It appears that the high field-meter reading was caused by

charge residing on surface films near the field-meter sensor.

A particularly interesting development in the program was the

detection of spinup-rocket-motor operation on the payload satellite

after it had separated from the transtage and was 12 to 18 ft away. The

spinup rocket activity was detected by SRI personnel as an unusual

event occurring at a particular time without a priori knowledge of the

spinup motor burn. The operation of this motor on the satellite caused

a 5-to-i change in the ion-current reading of ion probe No. 2 on the

trunstage. The time history of the ion-probe current was indicated to

be in good agreement with the chamber-pressure variation normally

observed in a motor of this type.
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VII CONCLUSIONS

The Titan III experiments were successful in all respects. The

flight instrumentation worked throughout the entire flight from the

liftoff phase to payload ejection. The experiments also generated a

variety of significant results. Of great interest is the fact that the

rocket appears to be connected to earth until it reaches an altitude of

650 ft. This means that the rocket is trailed by a highly conducting

plume 650 ft long. The presence of this plume is significant in many

situations. It is important, for example, in making determinations of

the likelihood of lightning striking the rocket. A highly conducting

plume will also modify the way R1 currents are distributed on a vehicle

immersed in an electromagnetic field. Such considerations are important

in determining vehicle susceptibility to noise and EMP signals.

The experiments indicate that, in the early stages of the launch,

the rocket motors charge the vehicle to potentials of 100 to 200 kilo-

volts. Accordingly, corona discharges can be expected from prominent

protrusions trow tile vehicle. At liftoff the ongine-charging curlent

was 50 to 100 pA, with the vehicle charging negatively on both flights.

At higher altitudes, the rocket motors serve to discharge the

vehicle so that high vehicle potentials avid corona discharges Ao not

occur during flight through precipitation. On the flight of Titan

A IIIC-21, a precipitatien charging current of roughly 300 WA was discharged

by the action of the engines at potentials substantially below vehicle

corona threshold.

Precipitation chargiung of the frontal surfaces does occur as in the

case of aircraft. The charging rates measured on the Titan are in good
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agreement with aircraft data. For example, during flight through a

cloud at 20,000 ft altitude, the frontal-charging rate measured on
2

Titan IIIC-21 was 8 pA/ft Aircraft measurements indicate peak charging
2 2

currents of 5 to 10 PA/ft in cirrus and 30 PA/ft in heavy frontal snow.

Evidence of frictional charging by particles was present to altitudes

of 100 kft (where nacreous clouds occur).

Streamer discharges on dielectric frontal surfaces of the Titan

were shown to occur. The characteristics of these discharges appear to

be in good agreement with aircraft experience. (It should be noted

that the frontal charging and the resulting streamers occur in Spite of

the fact that the vehicle as a whole is at low potential as the result

of the rocket-motor discharging.)

The ground experiments conducted in connection with the launches

indicate that the electric fields in the vicinity of the launch pad are

so dominated by the charged clouds associated with the launch that

relyiig solely on ground-field measurements to infer the rocket's beha-

vior is not likely to be fruitful.

During the ionospheric portion of tho flight, the Titan instruwon-

tutiorn provided data in good goncral agreement with accepted values of

measured parameters such as ambient electron density and photoelectric

emission. These measurements served to demonstrate the proper functioning

of the instrumentation during this portion of the flight. The primary

pulrose of the instrumeltttion, however, was to measure eloctwostatic

pi -esses occurring during the flight of a large operational rocket. *

It was found that each time an ACS rocket was burned, ion current

collected by the ion probes increaused. This means that the rocket-

"exhaust constituents returned to the vicinity of the transtago skin whore

they were collected by the probes. One of the ACS motors appeared to

produce u more pronounced affect than did the others. This result ia

62



significant, since it means that rocket exhaust products do remain in

the vicinity of the vehicle where they can settle out on sensitive

instruments and optical surfaces.

The field-meter data indicate that at synchronous-orbit altitude,

substantial electric fields exist at the surface of the vehicle. These

fields can serve to alter the trajectories of charged particles in the

vicinity of the vehicle, thereby modifying the rate at which surface

contamination occurs. The presence of an electrically insulating thermal-

control coating over the vehicle greatly complicate the interpretation

of the interaction of the vehicle with the plasma environment.

An unexpected result of the tests was the demonstration that the

instrumentation on the transtage was able to detect the operation of

spinup rockets on the payload satellites after the two vehicles were

separated by distance of at least 12 to 18 ft. Not only did the

instrumentation detect the occurrence of the burn, but it provided a

time signature of the spinup-rocket-chamber pressure. With suitable

calibration procodures, it should also be possible to infer something

about the size of remote engines being operated. This result is of

interest ia that it demonstrates that simple, passive instrumentation

Can be used for remote monitoring and study of syntchrnous-satellite

activity.

1rinally, the Titan III experiments deowtstrated that piggyback

experiments ou operutional vehicles caut be conducted without in any

way compromising the primary mission. Such experiments ure capable ol

goncruting needed tuformation available In uo other way,
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VIII RECOMMENDATIONS

The results of the flight experiments indicate that the Titan III

rocket at low altitudes behaves very much like an aircraft, but that

the detailed behavior is somewhat different. Operation of the engines

at liftoff charges the rocket to potentials of hundreds of thousands

of volts, Accordingly, the same precautions regarding corona-discharge

interference applisd to aircraft should also be observed on the Titan

III, provided there are systems aboard the rocket susceptible to this

sort of interference.

Once the Titan reaches an altitude of 4000 it, the engines no longer

charge the vehicle, but begin to act as dischargers. On Titan IXIC-21,

the engines dischurged precipitation charging currents of 300 IA while

holding the vehicle potential substantially below corona threshold.

This rosult moans that, except for the flight period up to 4000 ft

altitude, corona discharge noise will not be a problem on the Titan IIIC.

Although the engines keep the vehicle potential down to low values,

precipitation charging of frontal surfaces will still occur. This means

that m•ny of the same precautions observed in aircraft design should be

applied to rockots. in particular, care should be exorvised to avoid

unbonded metal frontal surfaces, since those will lead to highly noisy

spark discharges from the unbonidod member to the adjacent .uirframe.

If sensitive systems are carried on the vohiclo, provisions, such as

•I the use of conductive surface coatings, should be made to eliminuto

stroamoriug on dielectric frontal surfaces.

Liftoff data indicate that the vehicle behaves as it it wore

electrically connocted to ground until it reaches an altitude of 650 ft.
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This result was interpreted to mean that the electrically conducting

portion of the exhaust plume is 650 ft long. This result is significant

in connection with the establishment of launch rules for electrically

disturbed weather conditions. In estimating the likelihood that the

Titan III will trigger a lightning stroke, the 650-ft conducting-plume

length should be added to the length of the vehicle in defining the

dimensions of the triggering conductor inserted into the region of high

electric field.

Flight experiments on other vehicle types should be conducted to

determine plume lengths on other vehicle types. In particular, measure-

ments would be desirable on liquid-fueled vehicles and on solid-fueled

vehicles having compositions differing greatly from that of the Titan

III strap-on motors.

Additional experiments to define the RY characteristics of the

plume would be desirable because the presence of the plume can markedly

affect the distribution of RV current on the vehicle and modify

susceptibility to EW and other interfering electromagnetic signals.

'Tite flight tests demonstrate that in the ionosphere a portion of

the plasma generated by rocket operation remains in the vicinity of the

vehicle, since rocket-motor activity caused pronounced changes in ion-

probe current. This means that operation of sensitive sensors or

optical surfaces aboard the vehicle can be altered by the deposition of

uegine-exhaust products. If such sensitive devices are aboard, cure

should be taken either to control the character of the ongine effluent

or to carefully direct it away from thle sensitive regions.

The ionospheric measuiewonts also indicate thit substantiul

electric fields exist in the vicinity of the skin at orbital altitude.

Such fields can modify the ilowoi charged particles in the vicinity of

the skin and cause them to deposit in uudosireablo locations on the
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vehicle. The presence of such fields should be considered in the design

of sensitive long-life systems capable of being adversely affected by

the deposition of charged particles.

At the time of satellite ejection, it was observed that the Titan

III instrumentation detected the operation of the spinup rocket motors

on the satellites when they were at least 14 ft away, and provided a

record similar to the time hi~story of spinup-rocket chamber pressure.

This capability should be investigated and developed further since it

provides a scheme for passive remote monitoring of engine activity on

synchronous-orbit satellites. The Titan III experiments already demon-

strate that the time history of the engine burn can readily be obtained.

It should also be possible to infer information regarding probable

engine size from the measured electron-density change and the distance

to the satellite under observation.

Finally, it is recommended that the possibility of piggyback exper-

iments be considered on future operational launches. Although there

are many scientific experiments conducted on satellites and sounding

rockets, specifically dedicated to the experiment, it is also necessary

to perform measurements on operational vehicles. The work on operational

vehicles is necessary to obtain engineering data appropriate to that

vehicle type or class. Such information is generally not generated

in purely scientific experiments.

In planning a piggyback experiment, it is necessary to make clear

-at the outset that the installation of the experiment must in no way

compromise the primary mission of the ba2.cle. This means that the

instrumentation must be designed and qualified to the same levels as

the prime payload. It also means that the experimenter will be restricted

regarding acceptable sensor designs and locations. These restrictions

can generally be met with a modest additional effort devoted to the

experiment design.
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Appendix A

SIGN CONVENTIONS FOR POLARITIES OF CURRENTS AND FIELDS

The sign conventions used in this report are those generally

observed by atmospheric electricians in describing currents and fields

observed at the surface of the earth in response to charges in the

atmosphere. The reason for adopting this convention here is that in

this program, field meters were used to measure fields observed on the

ground and on flight vehicles. Certain calibration procedures and ways

of thinking about the data have been developed In connection with the

use of field meters, and it was felt that it would be safer to continue

these conventions Ihere rather than risk the confusion that might result

from instituting a new convention.

Basically, the field convention is as illustrated tit Figure A-l(a).

Here, If apositive charge exists above the earth, the nt|oupheric

electrician says that the earth's field is positive. This enables him

to associate a positive field with positive charge overhead. The con-

volition of Figure A-l(a) Is opposite to the normal coventio•z in which

a field is taken to be poiitive in the dircUtion in whicL U poUitive

chargo would move if immersed in the field.

Extending this convention to the case of a field meter mounted on

a charged rocket, we find that we get a positive-field indication it

the outside world looks positive to tie- field motor. This happens when

the rocket is negatively charged as shown in Figure A-.l(b)

11te sign convention rugarding currents is the normal one illustrated

in Figure A-I(c0. Here a current is said to be positive if positive

charge is arriving on the senSor.
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Appendix B

DETAILS OF GROUND FIELD-MEASUREMENT DATA

1. Titan IIIC-20

The Titan IIIC ground instrumentation array was described in Section

S•', Il-B.

Data generated by the array during the launch of Titan IIIC-20 are

shown An Figure B-1. Good data were obtained at all sites except for

10-to-15-s inturvals of signal saturation at the flame-trench site, D,

and the track by tower site, A. It is of interest to analyze the ground-

based data to understand electrification processes occurring during

. .. d in particular to detoeiaine the degree to which the ground

fields are pioduced by the presence of the charged rocket in the launch

-rea or by charges in the laumch-associated exhaust clouds.

Buildup of exhaust clouds un the umbilical tower, along the flauo

trench, and at right angles to the flumo trench during tle C-2O launch

is illustrated in Figure B-2.. During liftoff, the Central exhaust

cloud along the umbilical tower vurieo in height trom below the. rocket

nose to near tile top of the tower. The cloud extending eastward. along

the flame trench is nearly as high, After thle top- of the solid, strap-on

motors pass the top of the tower at SIM*+ 3.4 9, launch-associated

clouds dif fuse frow0 the central cloud in a southerly diraection towikxd

field-moter sites A, Di, and C (see lFiguiv B-1), and also in the northerly

direction. At S3W + 6.1 a (0743:07.34 GUT), exhaust clouds extend

throughout the ground a•ra viewed by tile camora. Peak fields occur

after this time at ull sites except for initial peaks at the flame-trench

site and on the umbilical tower.
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The launch-tower field-meter data (to the time the motors reached

the top of the tower) can be interpreted to indicate that a negatively

charged body passed the top of the tower. This is in agreement with the

onboard instrumentation, which indicated that the rocket acquired negative

charge at liftoff. The peak field of -2 kV/m at 0743:06 GMT occurs when

the rocket passes the top of the tower and the rocket motors emerge

from the launch-associated cloud at the tower. Unfortunately, the central

exhaust cloud, which is probably charged, extends to the field-meter

height at this time and could also contribute to the measured electric

field. It will be interesting, therefore, to compare rocket potential

inferred from the launch-tower field with the potential inferred from

the onboard-field-meter readings.

The relationship between vehicle potential V and electric field E at

the launch-tower field-meter position was determined using the setup of

Figure B-3(a). Here a model of the tower is placed on the floor of the

laboratory, and provisions are made to charge a model of the Titan III,

which can be positioned at various heights above ground along the

trajectory followed during liftoff. Charge-transfer measurements ol E

at the scaled launch-tower field-meter location and at the onboard field-

meter location are made as the rocket model is moved past the tower.

The results of this measurement are shown in Figure B-3(b). Combining

the data of Figure B-3(b) with the launch-tower field measurements of

Figure B-i yields the inferred rocket potential shown in Figure B-4.

Also shown for comparison in Figure B-4 is the rocket potential measured

by the onboard field meter (replotted from Figure 10). From an iiispec-

tion of Figure B-4, one must conclude that the launch-tower field-meter

record is representative of the rocket potential, but that it is modified

by the presence of the launch clouds. In particular, the apparent peak

in rocket potential at 0743:02.3 probably is caused by charge on the

exhaust cloud that rises up along the launch tower during the early part
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of the launch. Any field generated by such a cloud early in the launch

is highly weighted in terms of equivalent rocket potential, since at
-1

this time E/V is low [E/V : 0.02 m for nozzle heights up to 20 ft--see

Figure B-3(b)], so that a small field is interpreted as a large potential.

Once the rocket nozzles reach an altitude of 50 ft or more, the tower

field meter couples more strongly to charge on the rocket, and the tower

field-meter data are more representative of the true rocket potential.

Once the nozzles reach the top of the tower, the tower mill data become

unreliable because the exhaust products envelop the top of the tower.

In view of the above arguments, it appears that the tower-top measure-

ment of rocket potential is most reliable in the range 50 to 170 ft,

rocket nozzle height. From Figure B-4 we see that, in this range, the

potential inferred from the tower data is in best agreement with the

potential inferred from the onboard field meter. From these arguments

we may also conclude that in the case of a rocket such as the Saturn,

wiich does not produce clouds rising along the tower, a launch-tower

field measurement should provide a good estimate of vehicle potential

as the rocket is passing the tower.

The flame trench data of Figure B-i indicate that negatively

charged exhaust products reached the vicinity of the field meter immed-

iately after SRM ignition. Some consideration should be given to the

fact that although the rocket charged negatively, indicating that the

exhaust gases leaving the rocket were positively charged, the flame-trench

effluent is negatively charged. The m(.;t plausible explanation is that

although the exhaust as it leaves the rucket may be slightly positively

charged, it subsequently strikes the exhaust trench where it erodes

the concrete surface causing electrificatiou to occur. The exhaust also

can pick up charge by interacting with water from the deluge in the

exhaust trench. This interaction with material in the trench evidently

81



produces negative charging that completely overwhelms the initial

positive charge in the rocket exhaust.

The time history of the records at the remaining ground field-meter

locations argues that the fields in the vicinity of the launch pad are

generated by charge on the exhaust clouds rather than by charge on the

rocket. For example, the field at Site C does not reach its niaximum

until the rocket potential shown in the bottom of Figure B-1 for reference

has riached zero. A more detailed examination of the electric-field

behavior in relation to vehicle charge is also of interest. To estimate

the fields a charged rocket would produce along the ground, one can

consider the field E produced at the surface of a ground plane by a charged

body located a distance h above the ground plane as given by

2Q h

4rre (h2 2 3/2 (B-1)
'• •4'•0 (h2 +.r2)

where

Q = Charge on body

-12
sCo = 8.85 X 10 F/m

nr = Distance from launch point to measurement point.

For a body carrying constant charge, the field U is maximum when-= 0.

hhCarrying out the differentiation gives Ema when h =r/4'. For this

value of h, the maximum value of the field is

B = Q 1a 2(B-2)

0

If fields along the ground are induced by the charged rocket and

Eq. (B-i) is applied, peak fields should occur at approximately the

following times:
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Site Time (GMT)

Track by tower (A) 0743:06

Guard gate (B) 0743:08

Outside fence (C) 0743:10

Flame trench (D) 0743:07

Initial peaks in the Site D (Flame trench) field between 0743:03 and

0743:06.5 and the Site A (Track by tower) field at 0743:08 could possibly

be induced by the charged rocket. However, peak fields at the ground

sites for times exceeding 0743:09.5 are not consistent with the physical

picture. The source of initial peaks in the Site-D field and in the

Site-A field is further comvlicated in that exhaust clouds that are

probably charged exist in the flame trench and up the tower at liftoff.

Because launch-associated exhaust clouds, which are probably charged,

extend past the top of the tower and throughout the immediate area after

about 0743:05 (see Figure B-1 for SRM + 6.1 s), following this time the

umbilical-tower field, and the fields along ground, are probably induced

by charge distributions residing in these high-rising exhaust clouds,

Although it would be intellectually satisfying to be able to account for

all of the details of the variations in the various field-meter readings,

such a calculation would be time-consuming and of marginal utility. It

would be necessary to follow the development and motion of each of the

clouds and to assign charge densities to the various regions. Physical

arguments would have to be devised to account for variations in polarity

and charge magnitude. The result would be an extremely detailed picture

of the electrification of a highly specialized cloud system. Accordingly,

such an analysis was not undertaken.

Disregarding the inconsistencies between the time history of the

field records and the simple model of a highly charged rocket climbing
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out of the launch area, it is interesting to estimate the charge the

vehicle would have to carry to generate such fields. For example, at

Site B (610 ft from the pad) a maximum field of 6.4 kV/m occurs roughly

20 a after SRM ignition. At this time the rocket altitude is roughly

3,000 ft. Rewriting Eq. (B-1) as

3/2
2 2

.,_ Q = 4~o(h + r) (B-3)
0 h

on substituting numerical values we find Q = 0.625 coulomb. Since the

"vehicle capacitance C ii 1000 pF, this value of charge implies a vehicle
6

potential of V = Q/C < 625 x 10 V. This potential is several orders of

magnitude higher than the highest potential measured on the vehicle.

Ignoring time history even further, and arguing that the vehicle is

at h = r/2 when E occurs, so that Eq. (B-2) applies, it is interesting
max

to calculate the implied vehicle potential. Solving Eq. (B-2) for Q

we obtain

Q 3/3 7e0r 2 . (B-4)
0 max_m •:-2

Substituting values applying to the Site B field meter we find Q = 3.2 X 10

coulomb. This charge implies a vehicle potential of 32 X 106 'V. This

potential also is several orders of magnitude higher than the highest

potential measured on the vehicle. It appears, therefore, that there is

"no way in which the charged vehicle could have generated by itself the

electric ,field variations measured iu the vicinity of the pad during the

launch of Titan IIIC-20.

2. Titan IIIC-21

The ground data fron the Titan IIIC-21 launclh are shown in Figure

B-5. Good data were obtained at all sites except Site C (outside of
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fence), where the 9trip-chart recorder malfunctioned. Charging is seen

to be similar to that obtained during the C-20 launch. Again the launch-

tower field-meter record up to 6 a after SRM ignition is consistent with

a negatively charged body moving by. The behavior of the rest of the

field meters indicates that again the exhaust clouds were negatively

charged. The fields associated with the launch of C-21 are roughly

half those observed on C-20. Againp the time history of the ground records
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argues that they are not generated by charge on the rocket vehicle, since

the field at Site B, for example, reaches its peak considerably after

the rocket potential has peaked.

Figure B-6 shows the rocket potential as inferred from the launch

tower compared with the rocket potential inferred from the onboard field

meter. As was indicated in connection with the discussion of Figure 11

in the main text, there is no obvious physical explanation for the initial

positive excursion in rocket potential indicated by the rocket-borne

field-meter data. It is very likely, therefore, that the rocket poten-

tial in Figure B-6 inferred from the launch-tower field-meter record is

more nearly correct (for the 50-to-170-ft altitude regime) and that the

rocket potential remained less than -20 kV while the rocket passed

the tower.

Launch-cloud buildup during the C-21 launch is shown in Figure B-7.

Clouds are seen to envelop the launch tower 4 a after SRM ignition

(about 0309:09). At SRM + 7 s, clouds in the area are cowparable to the

height of the umbilical tower. Comparing Figures B-2 and U-7, launch

cloud structure during the C-21 launch is seen to be similar to cloud

structure during the C-20 launch.

For the electric field along the ground to be induced by the C-21

rocket charged to a constant potential, peak fields would be observed at

Site Time (GMTO

Track by tower (A) 0309:10

Guard gate (1) 0309:12

Flame trench (D) 0309:11

Since peak fields do not occur at those times one must assume that this

simple model is incorrect, and that charges in the exhaust clouds are

the source of fields as was argued for the C-20 launch.
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Comparison of ground fields for the two launches is easiest at the

guard-gate site (B). Similar and smooth field variations were recorded

for both launches. During the C-20 launch a peak field of -6 kV/m was

obtained about 22 s after SUM ignition. During the C-21 launch, a peak

field of -2 kV/m was obtained also at about 22 s after SRM ignition.

Additionally, the 90% decay times of the two fields are about 70 s after

SUM ignition.

Peak electric fieldi at S:tte A also occurred at approximately

the same times after SUM ignition--e.g., 10 to 22 s for both the C-20

launch and the C-21 launch. Momentary reversals of charging occurred

on both launches 26 a after SUM ignition. Erratic variations in field

intensity occurred during the period of peak electric field during the

C-21 launch. (This data period was saturated for the C-20 1'inch.)

These erratic field variations indicate erratic charge structure in the

clouds generated during the launch.

Peaks in the data at Site D (Flame trench) also occurred at about

the same times after SM1 igntitbn• for both launchos--e.g., between 2 and

6 a and between 12 and 20 a for the C-20 launch and at about 2 s and

between 11 and 17 a for the C-21 launch. The erratic field behavior at

the flame-trench site also reflects erratic charge structure in exhaust

clouds, probably the cloud in the flame trench. Bipolar charging eson

j at 0309:34 for the C-21 launch was not measured for the C-20 launch.

3. Comparison with 0 Apollo iJatO

For comparisonj the results of S11I ground field measurements

dnring the launches of Apollo 13 and 14 are reproduced fivm Rof, 9 in

Figures 8-8 and H-9. The Apol lo ground field-motor arrangement was

similar to that employed for the Titan experiments and is shown in

Figure 9.
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static electric field, normally +100 to +300 V/m on a fair day. Charging

activity is seen to be affecting the camera pad 5 field data, 2 minutes

after ignition.

Electrostatic-field data for the Apollo 14 launch are shown in Figure

B-9 (the launch, occurred on a cloudy day). Fairly swooth positive field

changes occur after liftoff at the crawlerway, slidewire, and camera pad

5 sites. Posiative field changes indicate that predominantly positive

exhaust clouds were generated by the launch, whereas, negatively charged

clouds were observed in the Titan experiments. There is evidence in

the Apollo ground data (discussed in Ref. 9) for the existence of diff-

erent charge polarities.

The launch-umbilical-tower (LUT) field meter indicates a positive

field change ac;;oipnying liftoff, indicating that the engines charged

the Apollo i rehiPl positively. (It will be recalled that both Titans

charged negatively.) At the time the engines reach the field meter, the

measured field magnitude indicates that the rocket potential is leso

than 6000 V. This result is in good agreement with the Titan experiments

in which it was argued that the rocket potential remained relatively low

until the rocket pltine broke contact with the ground. As stated earlier,
1s-

Uman's work indicates that the Apollo rocket plume is a good conductor

to a length of 625 ft.

For comparison of Apollo 13 and 14 data, the field-meter records

obtained at camera pad 5 on the two launches are shown in Figure B-10.

The peak field on Apollo 14 is one-sixth that obtained during the Apollo

13 launch. The Apollo 13 field is bipolar while the Apollo 14 field is

positive. Data from the New Mexico Institute of Mining and Technology

(NMI) field-meter installation at the air intake near camera pad 5 is

also shown in Figure B-10 for the Apollo 14 launch. The NMI intake and the

SRI campera pad 5 records are in reasonable agreement.
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In comparing Titan and Apollo data, the liquid-fueled Saturn

L booster used in the Apollo launches is seen to generate essentially

positive charging and positive electric fields, while the Titan booster

generates essentially negative charging and negative electric fields. 7

Peak field changes forTiten and Apollo launches are plotted in Figure

D3-11 as a functioi. of distance from the launch pad. :Also shown in the-
3

figure are lines showing 1/r nnd 1/r variations of 'field. It-4s

-difficult to gOneralize from these data beyond observing that, far from

the pad, the fields fall off with distance more slowly than they do-near

the pad. Also, it is apparent that the differences in the data obtained A

from successive launches ol the same vehicle are as great.as the

differences among dFta obtained from vehicles of different types.
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Appendix C

LANGMUI R- ION-PROBE ANALYSIS

An order-of-magnitude estimate of ion density can be obtained 'by

observing that during C-20 and C-21 flights the principal flow-field

velocity is parallel to the probe surfaces. The flow-field velocity into

ion probe No. 1 and away from probe No. 2 at synchronous-orbit altitude

is a few hundred feet per second. This velocity is much less than the

flow-field ion velocities of about 25,000 ft/s. Since the body size is

less than the mean free path for all altitudes following the brief

period when the probe is first exposed, the analysis can ignore

collisions.

The geometry of the analysis is shown in Figure C-1.

x'0 L
"TA-M,8-•,

FIGURE C-1 ION-PROBE GEOMETRY

Particles are assumed to enter the field of the probe abruptly at

x = 0. They are pulled into the.probe by the noreal field. All particles

are collected that enter below a dimension y such that the particles

that enter at -y reach the probe surface at L, the probe length. At

distance greater than yl, particles amiss the probe and'are not collected.
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iI
The probe current is thus

I -o eNU dy dz (C-i)

where

N =Ion density

U = Parallel velocity

z = Transverse dimension.

We assume that N and U are constant with y and z are are equal to

1'their free-stream values so that we can write

I eNU y z (C-2)

To estimate y1 we assume that the Debye length and probe potential

are such that th6 potential is unaffected by space charge out to y1.

This is consistent with the inferred values of charge density. An ion

falling through a potential drop of V volts will have a terminal velocity

4 +9v a of about 1.4 X 10 /V m/s for It ions. y.I can be found by taking

this velocity and multiplying it by the time it takes a particle to flow

across the probe due to the flow-field velocity. This time is

L

T = U (C-4•)

so that

aU (C-4)

The potential drop from y to the probe surface may not be the full

probe potential, but for purposes ol estimation we shall take it as V.

Therefore,
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eN L v z . (C-5)

Note that the free-stream velocity cancels out. Since Lz= probe
M1

area (A), we may write
p.

I = eN v A (C-6)! co a p

where

Ni = Free-stream charge density

e = electron charge

v = 1.4 X 10 V = Ion velocity for extremum particles entering at y
a p

L A = Probe area.

p

For a probe area of 137 cm the charged-particle density is related

to ion current as

10 3
N ' 10 1 el/cm (Q in amperes) (C-7)

assuming that the moasurement is made at an altitude when 1+ is the
21

dominant Ion. Johnson indicates the altitude regimes in which ion

composition changes. This intformation has beon used to calculate v for

the dominant species and to modify Eq. (C-7) appropriately. The results

of these calculations aro shown. in Table C-I, which shows the electron-

density equation appiopriate for each altitude regime.
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Table'C-i

ELECTRON DENSITY EXPRESSIONS FOR VARIOUS ALTITUDES

Altitude Altitude Ion Type Mass Ne e°

(ft) (nmi) (cm 3)

> 6.2 x 106 > 1020 H+ I 10 I-
6 6 + 103 X 10 to 6.2 X 10 493 to 1020 He 4 2 x 101

< 3 x 106  < 493 0 16 4 x 1010 I

I. probe current

2102
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Appendix D

I DETAILS OF FLIGHT DATA IN UPPER IONOSPHERE

1. General
V'.

During the upper-ionospheric portion of the Titan IIIC flights, data

were obtained from the field meter (electric field and ion current density)

and from the two ion probes. The readings of these instruments were

4 . trongly affected by the operation of the attitude-control-systeo (ACS)

rockets. The locations of the static-electrification instrumentation

4 . sensors and the ACS rockets on the rocket transtage are shown iit Figure

D-1. It is evident from the figure that there is a great difference In

"the positioning of the various rocket motors with respect to a particular

.. sensor. Also, thle exhausts of some of the rockets are directed along tho-

vehicle roll axis, whereas tile exhausts of others are directed, along the
circumference of the vehicle. Accordingly, it is reasonable toýoxpec•.

- that there will be A great variation in the degire to which different

ACS motors affect a particular seoor.

"In the upper ionosphoro, the oriuntation of the vohiclo.with re*poct:

Sto the s•itu is of groat iWportanco tt deteitviinlg the soensor. aignal, :"orV,

example, when a sensor esurface is illumitated by the sun, 0potoelectric

current is omitted from the sensor, Such current can be mi--intorpW~ted

as all incoming poastive ion C'Irrent. To o.sist ill the InterProtationfo*

the flight resultn, sun-orlentution daita wore made available to .Sai for

discrete times corresponding to the occurrence of specific evct~ts "Oil

the ruiuket during Ionospheric flight. The orientation is given in to " .

of a cone angle and a clock angle. The cone angle is the angle th.e

., iusolation vector (the vector fival the vehicloe to tile sun) makes with tho..
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I -vehicle negative (aft) roll axis as shown at the bottom of Figure D-1.

The clock angle is the roll angle between the projection of the insolation

vector in the roll plane and the positive pitch axis. Positive is

measured clockwise from the positive pitch axis looking aft (see Figure

D-l).

Following the above convention, probe No. 1 is within the hemisphere

illuminated by the sun for clock angles between -105° and 750. Ion

probe No. 2 is within the sun-illuminated hemisphere for clock angles

from 750 to 2550. However when the insolation vector approaches normal

incidence to the roll axis (cone angles about 750 to 1050), ion probe

No. 1 will be shaded by the yaw-left ACS jets 10 and 11 for clock angles

between about 550 and 750, and ion probe No. 2 will be shadded by the

yaw-right ACS jets 4 and 5 for clock angles between 235° and 2550. The

field meter will be illuminated by the sun for all clock angles in the

hemisphere between 440 and 2240.

In reviewing and interpreting the field-meter data from the upper-

ionosphere portion of the flight, it is important to recall that the

field-meter design was dictated largely by the requirement that the

field-meter function during the liftoff phase of the flight. To minimize

supersonic airflow loading of the field-meter vanes, the entire vane

assembly was recessed below the surface of the skin. This recessed

design means that the magnitude of the electric field existing on the

sensor vane is only a small fraction of the ambient field at the vehicle

skin (of the order of 1/10 the skin field). For normal operation of the

field meter in an un-ionized medium, the actual value of the field at

the sensor vane is immaterial (because of fringing effects, the field is

not constant over the vane). This is so, becauso the field meter is

calibrated by generating a known field iritensity ever the vehicle skin

and measuring the field-meter output. When the field meter is operated

in a plasma, however, the plasma sheath (the region of nonzero
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electric field) conforms generally to the shape of the conductor about

which it exists. Thus, the sheath penetrates into the recessed portion

of the field meter, with the result that, particularly for a thin

sheath, the magnitude of the field on the sensor vane is more nearly equal

* to the magnitude of the field over the skin. Thus, if one uses the

normal seu-level field calibration to interpret plasma-sheath fields,

V. the inferred field will be considerably higher than the actual sheath

* field. The sheath thickness and the degree to which the sheath penetrates

• :into the field-meter recess depends on the plasma characteristics, and

must be determined experimentally for a geometry as complex as that of

the field-meter vane structure.

It was not possible to carry out plasma simulations on the present

program, so that the degree to which inferred fields, differ from the

true sheath field is not known. It is planned, however, that, as part

of the satellite experiment discussed in Appendix E, the satellite field-

meter will be operated and calibrated in a laboratory plasma of known

4 charac.'-eristics.

2. Titan IIIC-20 Data

a. 80 to 150 nmi Altitude

As was indicated in Section 111-A, telemetered flight data

were received in real time during six telemetry windows, each roughly

10 minutes long, occurring at critical times during the flight. Data

from such a window when the vehicle is in the altitude regimo. 80 to

150 nmi are shown in Figure D-2. It is evident from the activity log

in the figure that considerable engine activity occurred aOuring most of

this window, so that the electron density in the vicinity of the vehicle

may be expected to be perturbed by the pres"i-4 of the exhaust products.

It is interesting, however, to compare the Ausurd electron densities

at the boginning of the window (before appreciable rocket-motor activity
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occurred) with nominal values of electron density at this altitude. For
-7

example, at 0804, the No. 2 ion-probe current is 4 X 10 A. From

Appendix C, for this altitude we find that Eq. (5) still applies, which
4 3

means that the electron density is 1.6 X 10 el/cm. At this same time,

the No. 1 ion probe indicates an electron density of 7.2 x 10 From

Figure 17, we find i.hat 'the nominal electron density at an altitude of

80 nmi ranges from 10 for night conditions to 3 ×10 for daylight
3ge 4rm1 0 o algt

conditions. Thus the electron density measured on the Titan IIIC is in

reasonable agreement with nominal values.

With these verifications of the functioning of the instrumen-

tatiov, out of the way, it is interesting to return to the data of Figure

D-2. Operation of the AC8 rockets and burning of the transtage engine

both have a pronounced effect on the ion-probe current. Phe ionized

engine exhaust increases the electron and ion density in the vicinity

of the vehicle, with the result that the current in both probe channels

reaches saturation by the end of the burn. The reason for the difference

in the detailed behavior of probes 1 and 2 during the transtage burn is

not clear. The field meter is also affected by the rocket-motor activity

during this telemetry window. It is interesting to note in passing that

terminating the transtage burn produced a greater effect on the field

meter than did the actual burn. Although these results are interesting,

it was not felt that any effort to make an analysis of the detailed

interrelationships during periods of engine operation would be worthwhile.

b. 310 to 450 nmi Altitude

Data from the 310-to-450-nmi flight regime are shown iu Figure

D-3. A striking feature of this record is tCae constant, 0.5 pA, ion

probe No. 2 current. Since this probe is in the sun-illuminated hemisphere

throughout the period of this record, it is interesting to investigate

whether the measured current can be ascribed to photoemission from-the
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probe element. From Ref. 22 we find, for stainless steel, that the
-9 2

integrated photoelectron flux under solar irradiation is 2.4 x 10 A/cm
2

Since the area of the Langmuir-probe electrode was 137 cm , the probe

current one would predict on the basis of photoelectric emission is

-9137 (2.4 X 10 = 0.33 pA. Thus, although the measured probe current

is somewhat higher than the predicted photoelectric current, the agree-

ment is sufficiently good that it is reasonable to conclude that the ion

probe No. 2 current resulted from photoelectric emission.

The ion-current-density "J-field" channel field-meter data can

also be interpreted as being indicative of photoelectric current emission

from the field-meter vanes. Prior to the beginning of the record, the

clock angle of the insolation vector is greater than 2240 so that the

"Z14 field meter is in the hemisphere shaded from the sun. As the clock

angle decreases below 2240, the field meter becomes progressively more

exposed to the sun, and the field-meter current-density channel indicates

progressively increasing positive charge arriving on the stator vanes

(or negative charge leaving). The current density increases to a maximum

value of 3 X 10 A/m = 3 X 10 A/cm at time 0837, From Ref. 22 we

find that for gold (the field-meter vanes were gold-plated) the integrated
-9 2

"photoelectron flux for solar irradiation is 2.9 X 10 A/cm2. Since the

measured current density is in agreement with the predicted photoelectron

-.flux, it appears that the J-field reading from 0837 to 0841 GMT can be

attributed to photoeolctric emission from the field-meter stator vanes.

At 0841 the vehicle is maneuvered to shield the field meter from the sun

and the photoelectric current decreases.

Next, it is interesting to compare the electron density inferred

from the ion probe No. I ccront with other electron-density measurements

at this altitude. The probe current varies from n maximum of 0.09 pA at

the beginning of the window to a minimum of 0.U4 11A during the period

0837 to 0038 GMT. From Appendix C, we find that Eq. (5) for electron
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density is valid at this oltitude, which means that the electron density
3 3 3

varies from 1.6 X 10 to 3.6 x 10 el/cm3. This range of densities

compares well with the data of Ref. 23 where electron densities at this
3 3

altitude range from 1 to 5 X 10 el/cm depending on the particular

orbit chosen for consideration.

The electric field during the telemetry window of Figure D-3

varies both in magnitude and polarity. At the beginning of the record at

0836:20 the field is zero, indicating zero potential on the vehicle.

By 0837 the field has increased to 1 kV/m, with the vehicle negative.

At 0841 the field changes sign following vehicle reorientation. Since

the E-field variation is similar to the J-field variation, it is tempting

to attribute the E-±ield readings to imperfect isolation between the E-

and J-field channels. Later on in the flight, however, the two channels

of the field meter do not change in unison, so that this crosstalk

explznation is not valid. Accordingly, it must be assumed that the

indications of true electric field at the surface of the vehicle must be

accepted as real.

Returning again to the data in Figure D-3, it is evident that

there are numerous transient changes in ion probe No. I current coincident

with transient changes in field-meter indications (both Z- and J-field).

These transients are undoubtedly associated with ACS rocket activity

connected with vehicle maneuvering to achieve proper orientation during

the telemetry window. Unfortunately, no record of ACS chamber pressure

was made available for the Titan IIIC-20 flight, so it is not possible

to idontify individual transients with individual rocket firings.

c. 1350 to 1420 nmi Altitude

The data in Figure D-4 are from the 1350-to-1420 nmi altitude

regime. Starting at 1020 in this record, the ion probe No. 2 current

remains virtually constant and sufficiently high in magnitude that it is
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not affected by the changes in ambient ionization caused by ACS motor

activity. The value of the current, 0.4 pA, is in good agreement with

the 0.33-pA photoelectric current predicted for a stainless-steel sheet

137 cm2 in area (see discussion in connection with Figure 1>-3). Ion

probe No. 2 is illuminated by the sun throughout this period.

The z 2.5 X 10 A/m value of the "J-field" channel indication

starting at 1020 (when the field meter was exposed to the sun) is also
-9 2

in reasonable agreement with the 2.9 X 10 A/cm photoelectron flux

predicted for -old under solar irradiation (see discussion in connection

with Figure D-3). This current is zero from 1025 on, when the field

meter is shielded from the sun.

During the portion of the flight illustrated in Figure D-4,

ion probe No. 1 is shielded frcm the sun so that it indicates ambient ion

density. From Appendix C, we find that, for this altitude regime, ion

density N is related to the ion-probe current I by

N = 1010 1 ol/cm . (D-4)

-8
Applying this relationship to the ion probe No. 1 current, 1 10 A,

10 -8 3
in Figure L-4, we obtain N4 = 10 (10 ) = 100 el/cm . This number is

an order of magnitude smaller than the values commonly expected at this
21

altitude in the equatorial plane. Matuura and Ondoh do report electron

densities as low as w 200 el/cm3 at this altitude, but thoir low densities
24

wore measured at latitudes above 600. Why the measured electron density

should be lower titan expected is not evident. It should be observea in

Sthis regard that thi field meter indicates that the vehicle polarity is

positive throughout the period of time covered by Figure I)-4. (This

change in vehicle polarity is consistent with the increased importance

25of photoelectron emission at the higher altitudes.) Positive charge

on the vehicle could tend to drive positive ions away from the vehicle
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and reduce ion-probe current. Aside from periods of ACS activity,

however, the probe No. 1 current remains constant irrespective of changes

in field-meter reading. It is possible, of course, that some of the

variation in indicated electric-field magnitude may stem from changes in

details of the plasma structure in the vicinity of the field-meter

sensor as the vehicle maneuvers, and not result from actual changes in

vehicle potential.

Ion probe No. 1 current exhibits pulse excursions to values

roughly twice that of the normal current. At the time of the probe-

current pulses there are accompanying pulses in readings of both field-

meter channels. These pulses are associated with the operation of ACS

rockets on the Titan vehicle. This result means that the of flux from

the ACS rockets generates an electron density of roughly 100 el/cm at

the ion-probe location.

Reviewing the "E-field" record in Figure D-4, we observe that

for insolation vector clock angles greater than roughly 2200, when the

field meter is shielded from the sun, the electric field is 100 V/m or

less. (The field-meter system used on the Titan vehicles was. doliborately

made insensitive to make certain iiat it did not overload under tribe-

electric charging conditions during flight precipitation. Accordi ngly,

fields less than F 500 V/i cannot be road. with great accuracy.) At

other times, when the field motor is illuminated by the sun, the B-ftold

indication is roughly 1 ky/m with the vehicle positive.

cd, 1638 nmi Altitude

1~5 ~Data obtained frow the Titan.lI1C-20 rocket at an altitude of
m1835 ui are shown in Figure D-1. The records of sensor output and sun

direction are very similar to those observed in Figure 1D-4. Iliorughout

the period of the toltoetry window, ion probe No. 2 is exposed to the sun
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and indicates photoelectron current during most of the period. Why the

"current increased by 25% at 1206, is not clear. From the ion probe No. 1

record, it is evident that a long ACS burn occurred at this time, and

may have deposited material on the No. 2 ion probe sensor that changed

its photoemission characteristics. Ion probe No. 1 is shielded from the

sun throughout the telemetry window and indicates an ion current of

0.01 pA with occasional pulses of up to 0.008 iA superimposed at times

of ACS engine operation. The 0.01-pA ion current corresponds to an
3

electron density of 100 el/cm , which is roughly an order of magnitude
21

lower than the normally accepted values for this altitude.

The field meter is exposed to the sun at the beginning of the

telemetry window and remains illuminated by the sun until 1207:45.

Throughout the period of illumination, the J-field channel indicates a
-5 2

current of roughly 3 X 10 A/m which is in excellent agreement with

the 2.9 X 10 A/cnm photoelectron curront predicted for gold under
22

solar irradation (see discussion in connection with Figure D-3).

IBoth field-meter channels are noisy during the period of sun

illumination. After 1207:45, when the field meter is shaded, the field-

meter readings are markedly affected bj ACS engine operation coincident

with pulses on the ion probe No. 1 current channel. At 1206:40 there

is a pronounced change in the reudingf of both field-meter channels.

This change coincides with the end of thle long ACS burn, which coincided

with the 25% chunge in ion probe No. 2 current. There is so much ACS

activity during this telemetry wiudi w, and the ACS engine activity has

such a pronounced affect on the int trumOntation -in this window, that

one should not e•poct uonfoizity at the data with accepted satellite

behavior.

It should be noted that at 1208:40, after ACS activity has

dirh;Iwl and the field moter is shaded from the sun, the E-field

its



channel indicates essentially zero field. Starting at this same time,

the J-field channel indicates a current density that increases to

-5 x 10 A/m2 arriving at the field-meter location. This could r;present

the electron current returning to the shaded side of the vehicle as the

result of photoemissions from the sunlit side.

e. 19,320 nmi Altitude

Data from the telemetry window at an altitude of 19,320 nmi are

shown in Figure D-6. Much activity on the rocket occurred during this

time. Shortly after the beginning of the window, the ACS system was

operated to settle the propellant in the transtcge tanks, Starting at

1322:10, the second burning of the transtage motor began and continued

until 1323:35. The vehicle was then oriented for payload release.

Payload separation occurred at 1326:52. After release, the transtage

was reor' outed and driven away from the payload by operation of the

"ACS rockets.

Throughout this window, ion probe No. 1 wu& shaded from the

sun and indicated a nomital too currenit of 0.01 V. with occasional

pulses of up to 0.005 pA superimposed ut times of ACS operation. During

the second transtage burn, the io, p-obe No. 1 current inuxresed up to

0.05 pA. The 0.0-VA ion-probe curreot coriesponds to an umbieot

3
electron density of 100 el/cm . Tits value is in the range of normally

21
accepted values of electron density for this altitude, The 0.05-MA

ion-piobe current during ranstuge-egine burq Itdicates that aO electron-

j density increase of 400 el/cmr 'ws g~ouorated at the ion probe No. 1

location by the ionization associated with the operation. of this engine.

Ion proie.N o. 2 is illumituted by the sun throughout the

tcerutr-y wiudow. At the beginning of the record, the 0.3-to-O.4-PA

magnitude ot the current is appropriate for photoelectric emission 'ivW"
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the probe. (It should be noted that the cone angle of the insolation

vector during this window is only s 300 so that one might expect the

photoelectron current to be lower than it. was in the previous records.)

During the period of the second transtage burn, ion probe No. 2 current

is reduced to 0.03 W. kroughly the same as the ion probe No. 1 current

during the burn). Why such 4n ion-probe current reduction should occur

during engine burn is not clear. It appears as though the photoelectric

current to probe No. 2 has been reduced to zero and both ion probes are

reading the electron density generated by the transtage-engine Cfflux.

One might argue that the engine exhaust obscures the sun. Since, the

cone angle of the insolation vector at this time is 300, the sun is off

the tail of the vehicle (see Figure D-1) and the transtage engine

exhausts out the back. At these altitudes, furthermore, the erigine

exhaust expands as soon as it leaves the nozzle and forms a brad cloud

behind and around the vehicle. It is possible that the gas density of

this cloud is adequate to reduce the photoemission fron the N.). 2 ion

probe by an order of mrnitude. At the same time, the ionized vonstituents

in the effluent raise the electron/ion density in the vicinity of the
:3

probe to A 300 to 400 el/cm

At the end of the 2nd traustago burn, at 1324 the readings of
both ion probes return �_ the values they had prior to the burn, After

payload release, ion probe No. 2 current gradually decreases until it

reaches the 0.01-pA value indicated by probe No.1. This change in No. 2

probe current probably stems from shielding of probe No. 2 from the sun

as the vehicle is maneuvered after payload release. (Unfortunately no

data were made available to SRI regarding sun orientatiot. following

payload release, so that the argument regarding No, 2 probe sileldiug is

speculative.) With both probes shaded from the sun, both would road

the same current corresponding to the ambient electron denst1y.
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Fý •Throughout the telemetry window, the field meter is in the

sunlit hemisphere. The recessed design of the field meter, however, is

such that the stator is largely shielded from the sun when the cone

angle of the insolation vector is 300. Thus, at the beginning of the

record, one should not expect photoelectron emission from the field

meter. This is in agreement with the measured data, which indicate a
"J-field" current density of -5 X 10 A/m arriving at the 2ield-meter

location. As was indicated in the discussion of the 1835-nmi data, this

could represent the electron current returning to this portion of the

vehicle as the result of photoemission from the sunlit portions. The

A iJ-field channel reading is affected momentarily by each operation of

the ACS rockets, and by the start and end of the transtage motor burn,
-6 2

but immediately returns to -5 X 10 A/w after each transient deflection--

even during the period of the transtage motor burn.

At 1324:30 when the insolation-cone angle is incroasod to 380,
i.0 2

tthe J.-field currext density changes signp becoming +5 X 10 A/m2

possibly because now the field-moter a-tator is slightly illuminoatod by

the sun and some photoelectric omission occurs. At 1325:40 the current

density goes to zoro possibly because vehicle orientation is now such

that the photoelectric curront emitted trom the stator vanes aq-dals the

oreturn oloecuro current.

TiThe E-fi ld chiannel remains viar ze•o duriog tho early portion

of the record when the losolatiou voector cone a1 gle is 300 and the

stator vanes aire atlost complotely shadod from thO sun. Operation of

the ACS ro,.•ots gonorates large transient pulses ti the B-fiteld record

throughout this portion of tie £light, Start And stop of tho trunstage

motor produced latge transients, but there w"a no .goess change in field-

metor Indication during the period of the buri.. StArting at 1324:30

.a the ioeld m04-er enters the sun-illuminated howlaphere, tho B-ftold

Chouirel rouds -2 kV/m. This readitug is pwobably Ceonratid by a photo-
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electron sheath about the sunlit portion of the vehicle. Payload separ-

ation produced a large transient in the E-field channel, but no obvious

permanent change in the reading. Attitude data following payload

separation are not available, so that it is not possible to speculate

on the reasons for the E-field-record behavior past this time.

As an illustration of the detailed way in which the measured

parameters are affected by ACS system activity, the actual telemetry

records obtained at about the time of payload release are shown in

Figure D-7. As was explained earlier, ion probe No. 2 is illuminated by

the sun and indicates photoelectron emission current that is over an

order of magnitude higher than the ion current extracted from the iono-

spheric plasma at this altitude. The photoelectric current evidently

also dominates any pl.asma generated by ACS operation, since ion probe

No. 2 current is constant throughout the period of Figure D-7.

Ion probe No. 1, on the other hand, is shaded from the sun

during this period and indicates ambient ton density. This probe current

is markedly affected by ACS motor operation in general, and most of the

thrustor pulses are short and result in s , probe current roughly

twice the steady-state valuo. The thrustor burn starting at 1326:27.4,

however, persisted for approximately 5 s and raised the probe ourrent to

three times its steady-state value. It is interesting to observe that

the payload-separation process did not affect the ion probe No. 1 current.

This should be oncouraging to the designers of the separation hardware

because it means that all of the combustion products of the pyrotechnics

uuod to accomplish the separation were so well contauined that their

effects were well below the effects produced by the ACS systeM.

Each time the ACS system is activatod, the J-Rield channel of

the field motor indicates a burst of negativu charge arriving on the

vehicle skin. This result is consisteot withlthe physical picture of a
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burst of increased ion/electron density being associated with the operation

of an ACS thrustor. Since the electrons in the cloud are more mobile

than the positive ions, the electrons will diffuse out of the cloud more

rapidly than the positive ions, and this net diffusion to the skin of

the rocket will be read as a negative current density at the field-meter

location. At the time of payload separation, there is a pronounced

transient persisting for roughly 1 s on the J-field record. The details

of the transient are undoubtedly associated with details of the separation

•,~p roces s.

The E-field channel in Figure D-7 is also evidently affected

by the operation of the ACS thrustors. Each time a rocket fires, the

field indication is reduced momentarily. Physical explanations for the

details of this behavior have not been devised. At the time of payload

separation, a transient signal lasting about I s occurs .on the E-field

record. The details of thia signal stem from details of the separation

process plus the response of the field meter to fast transient signals

(this can be quite complicated because of the combination of signal

chopping by the rotating vanes and the action of the synchronous detectors).

3. Titan HIIC-21 Data

a* General

There are many similarities between the C-21 data and those

obtained from the 0-20 vehicle. Since details of the two flights were

not identical, however, thore are differences in the measured results.

In view of the detail with which the C-20 data bave boon discuosed, an

effort will he made to simplify tthe treatment of the C-21 data by

referriug whenever -possible to the C-20 results,. Where unique situations

arise in the 0-21 duta, they will be coisidered in somewhat more detail.
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b. 80 nmi Altitude

Data obtained when the C-21 vehicle was at 80 nmi altitude

are shown in Figure D-8. Comparing Figure D-8 with Figure D-2, we note

that the first transtage engine burn occurred at this altitude during

the launch of C-20, thereby complicating the interpretation of the record.

No such transtage-engine activity occurred during the period covered by

Figure D-8. During this period, ion probe No. 1 was shaded from the sun

and indicated a current of 1 pA, which corresponds to an ambient electron

density n = 4 X 104 el/cm , in agreement with the published data used in
e

Figure 17 for this altitude. No ionograms from the launch area were

provided to SRI for the Titan C-21 launch.

Ion probe No. 2 is sunlit during this period and is saturated
2

at a current level of > 3pA. Since the probe area is 137 cm ,

-8 2
this means that the measured current density is Z 2.2 X 10 A/cm2, This

is an order of magnitude higher than the photoelectric current density
-9 2 22

of 2.4 X 10 A/cm predicted for stainless steel under solar illumination.

It appears, therefore, that the probe No. 2 current is primarily the

result of ion collection frow the ambient plasma. Applying this inter-
C. 3

pretation we find that the required electron density it in 1.2 X 10- 01/cm

Referring to Iigure 17, we find that such a value of electivot density is

posuible (although it it somewhat high for this altitude). It remains

therefore to explain the difference between the readings of ion probe

NO. 1 and ion probe No.2. i.iton probe No. 1 itn addition to betng

shielded tim the sun, were locatedtli the wake of the vehicle, one

would expect its reading to be subutautiully lower than -that of ion,

probe 'No. 2. Velocity data mude available to SPU indicate that during

this time interval, the conponent of vehicle velocity aluig the pitch

atsi.ts -3946 ft/W .1172 M/s, which Means that ioo probe No,. 1 t

indeed in. a wake region. (N•Omally the voloclty vector is ualwmt entiroly
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along the roll axis.) Assuming a temperature of 6000 K for this altitude

(see Ref. 26 for 150 km altitude) the positive ions will have a thermal

velocity of 425 m/s. This is substantially below the component of vehicle

velocity along the pitch axis, so that a region of r'educed ion density

can be expected at the location of ion probe No. 1 which lies slightly

in the wake of the vehicle.2 7  The ion density in such a location can

readily be one-third the ambient ion density (see Figure 1, Ref. 27).

In this series of arguments we have been led to conclude that the ion
5 3

probe No. 2 indication n z 1.2 X' 10 el/cm is most representative of
e

the ambient elc.tron density.

It will be interesting to investigate the degree to which the
-4 2

field-meter J-field reading af 2 X 10 A/m (this is essentially the

same as the 2.2 X 10 A/cm ion probe No. 2 current density) can be

explained. Lot us assume that the vehicle is slightly negatively charged

and that the field motor collects all of the ram ion current arriving on

the field-meter vanes as the result o0 the 1172-m/u component of velocity
28

directed into the field moter. The ram Ion current, is given by

w o. e vA 10-5)
ruM

where n to the ion/oelectron density, e is the electronic charge (1.6 X

10 coulombs), v is the component of volocity directed into the field

motor, and A to the lutervepting aroa, The current deusity for our

•ase will be

11 -19
*1,2 X 10 (1.6 X 10 )(11721)

= 2.25X10 A/w

,I.:



which is roughly an order of magnitude lower than the measured ion current

density arriving on the field meter. The calculated ram ion current can

be L-ought into agreement with the measured field-meter current density

by assuming that the ram ion velocity is v 10,400 m/s, but this is

greater than the total vehicle velocity of 7700 m/s at this altitude

so that this argument is not tenable. Finally, we can observe that most

of the transtage is covered with a thick layer of thermal-control material.

This material is an excellent insulator, and its presence can greatly

modify the normal flow of charged particles to the skin of the vehicle

(ram ion current being collected on the frontal surfaces, and an equal

electron current being collected in the wake region). It appears therefore

that the No. 2 ion-probe current and the field-meter current density are

both higher than they would be on a metallic vehicle. This situation,

however, is representative of what occurs on a typical operationalL3

vehicle that includes insulating surfaces--the surfaces can become

electrically charged and modify the collection of charged particles in

their vicinity.

"C. 100 to 200 nmd Altitude

lData obtained from the C-21 vehivlo at 100 to 200 tmi altitude

are shown in Figure 1)-9. Much of the period ahown in, the figure was

occupied by thi first burn of the transtuge ongine (0414:43.57 to

0420:04.67). It will be intereatitng to cokisider'first the data prior

to the start of the burn. At this time ion probe No. 1 is shaded from

the sun while ion probe No. 2 and the field meter are both illnliauad

by the.sun. The ve1ociLy ve.',O'r ts predominantly aloog.the roll axis.

• oe component along the roll axis is 1600 ws, with 1200 o/v directed

into the field motor and ion probe No. 2.

The readings of both Ion probes prior to the burn are ul•aost

identical to thboi roadings tn Figure D)-8. Since the er•Lentation of the
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vehicle is the same, and since the altitude change involved does not

carry the vehicle into a radically different plasma regime, the argu-

ments regarding interpretation of probe readings presented above in

Section 3-b apply here.

The field-meter readings prior to the burn are also similar to

the values in Figure D-S. The E-field reading is somewhat higher, and

the J-field reading is somewhat lower, but the arguments of Section 3-b

of tbis Appendix still apply.

During the period of the transtage-engine burn, the field-meter

recoils are noisy, and there are pronounced changes in the values, o

Sthe readings. It is interesting to note, however, that the engine burn

"did not produce a definite unipolar change in vehicle potential of the

sort ona wou'ld Aexpect if the engine were expelling charged particles of

a si o•g1oplarity. Rather, the field-meter record is consistent with a

pbylcval picture of a turbulent flow of charged particles past the field

motor or strihing the ficld meter.

VTi ion-pirbe readings also are affectod by the trans tage-

0ongluo buril. Here too, there i0 no systematic increase or decrease in

"the probe eurtent. Instead, the e e-eut varies cotwiderably durikig the

poetod of the burn as did the field-motor r-otords,

To explain in detail the behavior of the tuistiments during

the onglne burn would requiro dtetaled description of the plasma flow

* during the burn, tor.0thur with itiforatiou on the way. the donsors resl)oud

to a turbulent plasma. Such an analysis A8 beyond the scop. of this

report.

At the conclusion of the burn. the vehicle is reoriented so

that the velocity vector no longer ham a component luto the fieol motor

and ion probe No. 2. At 0420:13 (the last velocity-Vector dato fo* this

Stelemetry window provided to $4l) the velocity-vector clock auglo w.
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700 and getting smaller. These changes in orientation are undoubtedly

responsible for the changes in sensor outputs starting at roughly 0420:13.

Starting at 0422 there are additional changes in vehicle orientation, as

evidenced by pronounced changes in insolation vector cone and clock

angles in Figure D-9. The lack of data on the precise vehicle orien-

tations with respect to the velocity vector places arguments regarding

the details in instrumentation outputs into the realm of pure speculation.

Accordingly, noef fort will be made to attempt to account for all of

these details.

d. 3500 to 4200 nmi Altitude

Data obtained from the C-21 vehiclo in the flighL regime from

3500 to 4200 wmi altitude ure shown in Figure U-10. Throughout this

period (except for a brief interval at 0454:40) the orientation of the

vehicle with respect to the sun is such that iol probe No. 1 is illumiln-

uted while ioi probe No. 2 und the field motor aro both shaded from the

sun. Vor this altitude regime we find frot Appendix D that the elctroln

density ia given-by Eq. (D-4). Sinoo ion probe No.. I current is
-8 -B .10S1.5 X 10 A the cor esponittug oectron density is (1.6 X 10 ) (10O)

S150 ol/cm. Ion probe No. 2 erreitt of roupbly 4 X 1O0 A corropOunds
3

to Un elctrotv, density of 400 Ol/v .. Tlhee electron donsittes'are in

reoasouble agiemoent with publiee•id values for thia aultitudo xtigime-

Ion probe No. 1 eurteut to equivalent to a current doew.ty of 1.1 X 10ý9

"i Ai/ which it slikhtly loss than "i•f the photoulecttic eurront density

of 2.4 X 15 AM 2 for ita1inies stoel uudor solarV 8 lu4miUW t1on.

The only Oxplatwtion that can be offered for the dlffewor l,,

.between the aoudi.gs of ion probes No. I and No. 2 is the ofi.evt of

velocitty. Probl No. I my be located in the wake of th, v•hlxelQ Whero-.
t ion density is low, so that .probe No. I is ituicating photooaeeton

curwat while ion probe No. 2 is tidienting ion density. Unfortunately,
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.t no velocity-vector data were provided to SRI for this time period, so

that this argument is speculative.

Throughout the period of Figure D-1O, the E-field channel

indicates zero. This can be interpreted to mean that, at t+~s altitude,

photoelectric emission is beginning to dominate in determining vehicle

potential.

The J-field channel of the field meter indicates that a current

density of roughly -10 A/r is arriving at the field-meter location on

the vehicle. Since the field meter is shaded from the sun throughout

thio period, the current arriving on the field meter probably represents

the return current from the photoelectric emission on the sunlit side

of the vehicle.

Activation of the ACS rockets produces the transient pulses

evident in all of the recurtis of Figure D-10. Most of the activations

gonerate .a pu130 on cacti of the records. Tihe magnitude of tile distut-

bunco product.' in a pirticulor sort depenkds vn the relative location

of thu svnsur and the tlarustor. $ .. ofý the thrustos couple. poorly

into certain of Zho sensors. In theue cnn pulaoes my appear on two

or three of tile channels but niot on the ftshon. Tle way in which the

distutbtace maltifests itself on the I 'J va•ies according to the souaur

being consideird. The ion probes, for eOXaple, gonoeraly tudicuto u

reduction of electron densaity at the time of AUS rocket motor firing.

r The two fiold-wieter chounels, on the other hand, indicate a bipolor

disturtance. In gemeral, the connection between ACS rocket activity

oud sensor disturbance remained very clear-cut for the remainder of' the

flight. A typical elacttiostatlc-dnta record will be ntamined ill greator

' detail and compared to the thrtwtor activity record in a later section

of this report.
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e. 14,200 nmi Altitude

L Data obtained when the C-21 vehicle was at an altitude of

14,200 nmi are shown in Figure D-.1. At the beginning of the record,

both ion probes are shadowed from the sun. As the insolation-vector

clock angle changes, ion probe No. 2 becomes illuminated by the sun, and

the current to it increases until it reaches a maximum value of 0.2 pA.

-9 2
This corresponds to a current density of 1.5 X 15 A/cm2. This is

-9 2
somewhat lower than the 2.4 X 10 A/cm photoelectric current measured

21
in the laboratory for simulated solar illumination. We must observe,

however, that ion probe No. 2 is positioned on the vehicle at a clock

angle of 165', whereas the insolation-vector clock angle is 2200. Thus

the insolation vector makes an angle of 550 with respect to the normal

ion probe No. 2. Correcting for this deviation from normal incidence,

-9
we obtain for the predicted photoelectric current i = 2.4 X 10 cos

550 = 1.4 x 10 A/cm which is in excellent agreement with the

measured value.

At 0638:35 the insolation-vector clock angle reaches 2330 and

ion pxobe No. 2 is shielded from the sun by the housing for yaw-right

ACS jets 4 and 5. The ion probe No. 2 current drops rapidly at this

time. As the insolation-vector clock angle increases further, ion probe

No. 2 enters the shaded hemisphere while ion probe No. 1 becomes illum-

inated by the sun.

When they are shaded from the sun, both ion probes No. I and

No. 2 indicate a current of 0.01 pA. From Eq. (D-4) we find that this
3

corresponds Lo an electron density of 100 el/cm . This is in good

agreement with published values of electron density at this altitude

21
along th equator.

Throughout the periud of Figure 0-If the field motor is in

the sun-illuminated ..if of the vehicle, but the recessed design of the
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f M

field meter is such that the stator is largely shielded from the sun

when the insolation vector makes an angle of more than 600 with respect

to the normal to the field meter. Since the field meter is positioned

at a clock angle of 1340 on the vehicle and since the insoIation-vector

clock angle is never less than 1900 in Figure D-11, the angle between

the field meter normal and the insolation vector never is less than

560, Thus the field-meter stator vanes are shielded from the sun essen-

tially throughout this record,

5.
The J-field current of -10- A/m probably represents the

return current stemming Xfrom photoelectron emission from other parts of

the vehicle.

Throughout this period, the E-field reading remaius at -2 kV'm,

which indicates that the vehicle is positive with respect to Its

surroundings. This is in agreement with the argument that, as ambient

plasma density is reduced, the competition between negative charge

accretion from tbe plz•sma and negative charge loss by photoemission

becomes dominated by photoelectron emiasston, and the vebicle acquirgs
25,29

a net positive charge.

f, 18,600 mai Altit ide

Data obtained at 18,600 timi altitude during, the flight of the

"T'i•tan IIIC-21 are showu in •igure D-12, ln all respoa.l s this reord is

almost Identical with that of Figure D-11. Thus all of the observations

made in Section 3-e above regau'ding the significance og the Figurv D-11

data also apply to Figure UI-12.

9. 19 4 M, nmt • h nu Orbit) Al•ti-ude,. :

Doat# from the C-21 vehicle aftor it reselhed oybchronouO oriAt

oare Ohowu In Vigureo 0-13, The maneuvering 0§ssociuted with payload ej tOil

.... . -.. . . . . . . . . . . .--
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is evident 'In the insolation-vector plots, and in the sketch at the

bottom of the figure showing transtage orientation. In spite of the

maneuvering, ion probe No. 1 was shaded from the sun throughout this

period and indicated a nominal resting current of 0.005 pA (full-scale

deflection on this channel is 0.1 pA, so that this reading is approaching

the detection limit and is not overly precise). This reading corresponds
3

to an electron density of 50 el/cm , in agreement with the published
21

range of densities for this altitude. The record of ion probe No. 1

is markedly affected by ACS rocket operation during this period,

The record of ion probe No. 2 shows the effects of vehicle

maneuvering. During parts of the period, the probe was illuminated by

the sun. When the vehicle was oriented for payload ejection, on the

other hand, the orientation was such that ion probe No. 2 was shielded

from the sun by the housing for the yaw-right ACS rockets 4 and 5.

During the shaded portions of the record, a current of 0.01 VA was

3
measured, corresponding to an electron density of 100 el/cm , in

agreement with the published range of densities for this altitude,2 1

The 2-to-1 disparity between the readings of ion probes No. 1 and No. 2

should not be taken too seriously because, aS was indicated earlier, the

probe currvnt is so low here that tho detection limit of the systvm is

approached. 11e data should simply be intowlprted to indicate that

3an elocttron density of roughly 75 el/c3 (the average of the two probe

readings) was measured. During shaded periods, the activity of tho ACS

systom bud a pronouncd oeffect In the ion probe No. 2 record.

When ion probe No. 2 was illuminated by the sun, the probe

current was 0.08 pA. This corresponds to a current density of roughly
-10 2 24X1-0 h 2mesrdith

6 X 10 A/cm . This is I of the 2.4 X 19 A/cm measurd in the

laboratory from stuinless steel under simulated normally incident solar
22

1ilumillution. We must observe, however, that the insolation vector

is for from normal to the No. 2 ion probe. For example, at 0935 the
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insolation vector clock angle is 2300, which is 650 from the clock

position of the probe. At this same time, the insolation vector cone

angle is 1350. The angle the insolation vector makes, with respect to

the normal, to ion probe No. 2 is therefore 730, and the flux density

intercepted by the probe is cos 730 - 0.29 the flux at normal incidence.

The field meter is largely shielded from the sun throughout

this period, since the insolation-vector clock angle ts always greater

than 2240 except for brief periods at 0945 and 0955. At 0945 the field

meter reading is perturbed for a period of roughly 4 minutes. For the

remainder of the record, the nominal field-meter channel readitigs are

both identical with those of Figure D-11, and the observations made in

Section 3-e of this Appendix regarding the significance of Figure D-11

field-meter data also apply to Figure L-13.

It is interesting to examine in more detail the data outputs

at the general time of payload separation. Ion-probe data from the

period of payload No. 1 release are shown in Fig ! D-14 together with

chambor-pressure records from the ACS rockets, It is evident that each

pulse of increased ion-probo current corresponds to a firing of a

thrustor. It in also evident that certain of the thrustors generate

More of a change in ion density at a particular probe than do others.

A matrix showing the degree of coupling between the various thrustoers

and each of the ion probes is shown in Tablo P-1. ••ie locations of the

various ACS motors are shown in Vigure D-1. Tho operation of rockets

No. 12 and 6 (0xolltW) produces the greatest increase in the ion density

at both ion probes. (The rockets are operated in pair.) A strong

Seffect on ion-probe No. I Is expected since the exhaust from engine No. 12

posses directly over too probo No. 1 (shielded from direct impingament

S-by the housing for ACS rockets 10 and 11). Similarly, strong coupling

exists between rocket motor 6 and ion probe No. 2 because the exhaust
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from engine No. 6 passes directly over ion probe No. 2 (shielded from

direct impingement by the housing for ACS rockets 4 and 5).

Table D-1

DEGREE OF COUPLING BETWEEN AIS ROCKET EXHAUSTS AND LANGMUIR ION PROBES

Degree of Coupling

ACS Engine No. Ion Probe No. 1 Ion Probe No. 2

1,2 Weak Weak

3,9 Weak Weak

4,5 None Weak

7,8 Weak Weak

10,11 Weak Weak

12,6 Strong Strong

Rocket motors 3 and 9 (roll CW) are similarly located with

respect to the ion probes, but their operation produces a leas pronounced

increase in probe current, The exhaust .rom motors 3 and 9 is direc;cd

away frow the ion probes.

All of the pitch and yaw motors exhaust in the ait direct'J1on,

and the effect of their operation on Ion-probe current is less pro-

nounced than the effect of rocket engines 12 and 60 •

A very interesting and significant effect was observed following

the release of the irst payload at 0938:56.64. It will be noted that

there was-no ACS rocket activity alter 0938:,55.2, but there to a pulse

of increased current in both Ion-probe channels starting at 0939:08.8

(13.6 a after payload release)•and persisting until 0939:11,5, When

this unexpected current pulse was discovered by SRI peroonaelo spoiu.-

lation immediately-began regardiug.its cause. liUe first possibility

143



considered was that antenna breakdown either on the transtage (considered

highly unlikely) or on the payload satellite occurred at this time.

A check with personnel at SAMSO/Aerospace quickly disclosed that the

spinup rockets on the payload satellite were fired at this time. In

fact, the time waveform of the current pulse induced in ion probe No. 2

closely duplicated the chamber-pressure variation observed during the

burn of a spinup rocket. It was concluded that the ion-current pulse

was undoubtedly caused by the operation of the apinup rockets on the

satellite which was at this time at least 14 ft from the transtage. (At

separation, the satellite moves away from the transtage with a velocity

of at least 1 ft/s.) This result is significant, since it indicates

that a remote measurement with a passive system such as the ion probe

is able to detect rocket-motor operation on a satellite, and can provide

a time history of the burn. With additional effort, it should be

possible to obtain an estimate of eagine thrust from ion-density change

and distance Ircom tie sensor to the rocket motor.

Data from the period about the time of No. 2 payload release

are shown in Figure D-15. Here there is much more ACS system activity

than there was prior to the release of the No. 1 payload. Again, it is

evide•nt that both ion-probe currants are markedly affected by the oper-

aftion of the No. 12 thrustor. In this record, there are several long

burns of the No. 12 motor (o.g.# at 0948:52.40 0948:56.4 and 0949:01.2).

Corresponding long current pulses are observed in both ion probes.

Payload No. 2 was released at 0949:18.64, Starting at 0949:2949

(11.25 a after payload release) and persisting until 0949:33.7 a complex

curreat pulso occurred on both ion-probe channels. When the electro-

static instrumentation data were first inspected, the ACS thrustor

activity tecord was not available, and the informal inforuation supplied

to SRI indicated that there should be no ACS activity at the time of the

observed pulse. The ion-prote data were first tnterpveted to mean that
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possibly a malfunction had occurred in the satellite spinup rocket

motor, thereby generating the three additional peaks in the record

(compare Figure D-14 and D-15). A second interpretation was that, on

this particular flight, ACS motor activity did occur precisely during

satellite spinup, thus generating the additional peaks in the No. 2 ion

probe record. When the ACS motor-pressure data became available, it

was immediately apparent that the complex ion-probe current wecord was

the result of the simultaneous operation of the spinup rocket motor on

the satellite and three pulses from the No. 12 motor of the transtage

ACS system.

146

51'



Appendix E

IMCRIPIq'ON OF SX~~LMIIIZ INlSTRUMEI'L'ON
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Appendix E

DESCRIPTION OF SATELLITE INSTRUMENTATION 4

1. Introduction

Satellite electrification, which is known to occur under certain

environmental conditions in space, is a likely cause for the unexpectedly

rapid degradation of thermal-eontrol material properties observed on

previously launched synchronous-orbit sutellites.

This deteriozration of thoezal-control properties may be caused

(1) by the accelerated deposition of electrically charged or polorizable

contaminants on thenal-vontrol surfaces due to electrostatic attraction, A

or (2) by p|yaital •hngcs in t~sexnal-control characteristics duo to

oelctrkoul disiharges that occur between portions of satellite atoerials

that become charged to unequal potentials. In addition, the electric

fields produced by chuiged surfaces oan laterfre with the operotiou of

fli•ld-sotwitiveo itwtruietts, Ile reoultinlg olocttricul diocharges way

Produce sevore, eloctrical fwiso in criticul Wittrtaznututio~i or control

At) Iiistru titation syste. for thu study of satellite electrifi-

catitov maeatitsma and charging curreints has been developed by Stanford

Resealch iil stitute and tus b•on itntalled on a satellite that is to be

l*uuIWh#d in the neat' future. Th1is instrutontation &ystoo is basically

mo.dified aud repackaged verslou of Oae that was developed by SRI 01ad
. !i *dpo n~.O tho flights of Tltau IIIC-20 uu! 0,-21 to tudy -ot

alectri fiea.tion.
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The Titan instrumentation is described in detail in Ref. 8 and

again briefly in Section II of this report. The Titan instrumentation

was chosen as the basis for the satellite instrumentation system, since

' the Titan system had already been quelified and proven in flight.

K! Further, the time and effort required for modification and repackaging

of this system for use on a satellite was minimal,thereby allowing in-

orbit data regarding the electrostatic processes of interest to be

obtained at the earliest possible time.

• 2. Satellite Instrumentation

A block diagram of the satellite instrumentation system is shown in

Figure E-l, and an abbreviated description of this system is given

* below. A more complete description of the major components of the system

is given in Ref. 8.

a. Electrostatic-Field Sensor

The electrostatic-field sensor is of the rotating-vane design.

- The detector head is mounted in a hole in a thermal-control panel in

such a manner that the sensor vanes are exposed to the exterior of the

vehicle. The depth at which the sensor is mounted has been chosen in

order to maximize the sensitivity to electric fields produced by eharge

accumulation on the vehicle surface surrounding the senvor.

The electric-field sensor is clso equipped to mweusiur convet-

tion currents that flow to the sensor froom the onvi.'unment.

For the satellite eystem the sensitivity of the cloetrin-fioed

and convection-current sensors ies been increased by a -'ctor of O ivi

order to allow the measurement of the magni-tudos of vehicle W)tontial

and convection current that are oxpected during relatively quiot.

periods as well as during periodu of increasod solar activity.
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The location of the field-sensor on the satellite is shown

in Figure E-2. Figure E-3 is a photograph of the satellite electro-

static-field sensor. It is evident from the photograph that the design

of the sensor has been modified to minimize the degree to which the

vanes are recessed.

b. Ion-Probe/Pulse-Counter Sensors

Two ion-probe/pulse-counter sensors are mounted on the vehicle

surface as shown in Figure E-2. Each sensor consists of a stainless-
2

steel plate with a surface area of 150 cm . The sensors are biased to

a fixed voltage of -5.6 V with respect to the satellite frame in order

to allow the colJ•ction of positive ion current.

in addition, each of the sensors is coupled to pulse-counter

circuitry that allowa the detection and counting of electrical pulses

induced in the sensor either by electrostatic discharges that occur

on theimal-control surfaces near the sensor or by charged particles,

such aa those that may be produced by rocket-motor operation, that

strike the sensor. The amplitudo and tim-a-tructuro of an ind'ed

pulsa determines whothtar or not the counter circuitry is triggered,

L]aboratory experiments are piraned to deterwine the pulse-ntriv.ture

roquirements for reliable detection, as well au the structure of pulses

of the type producei by disahrges on tlmnllco-ont.ol: surfaces.

" igure E-4 is a photograph of an ion-pr•be/puls--couni r sensor

Uad its a socia-tod ploaMplifier,

c iand4)rme tg-M cctrolvs 1Housi q

Thie s4 gat-roessino-electronics howaling contains the necessary

on/of-tlommand trouitr y, the socodat,-y power sAppy., and tle major

fy"
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TA-0420-52

FIGURE E-3 SATELLITE FIELD-METER SENSOR

portion of the signal-procossing electronics. 1`igurv L-3 Is a photo-

graph of this unit with &an access cover removed,

The on/ofi-co mmmid ci rcuitry is che-signflot, falU -saI I

Opera tion, inl that two separk~t v Conumind-signal pliuv. are voiju4red to

turn Oil the ns irlt1wwii I 4t iol whli1Q1 u i t silge Comilland Oil u ther ii ne will

turn the Irls truH~llltu tion off.I Il iaaddi t Ioll ill C1114 Of sillgIe-p)Oint

Clallumt-eicl u1t faiilure, theu ills triminenta Lion will rvtmert to tho Wtl

con-It tion. A sehumatie diaigi-ai of One of the L.Y two iet ickal Channels

emp~jloyod i'i, the on/Oi'i-oubittillod interface vireulit is Ashoull inl Fpgule li-G.



TA-8428-53

FIGURE E-4 SATELLITE PULSE PREAMPLIFIER AND LANGMU1 R-ION -PROBE SENSOR

(20 Q(Th11 E~ic>pimunt p)ower

The Imcoltihary poweSul Upply c~olitaille it) thi, SU1 iotu

meniiLttion packige&I~ is b.uing 1usvCI to sup~ply 2I8-Vdc power to ai quiuiat-

Poweris' t su)pplivd to the~ QCIMB experiment only~ %hi flwo

S i osI Nt rumt i~~ltlLi oI 0h4 tillrlle oil.

The s~ys tem ootptIt 0144111t.4~18 arit. 14110m) ill Vigut V. r .

ý.Ih ch0imeR'14 Iý4alaplLIW by Lite tlcl1uc~try Sytem titit raxote Of I sumtple

pt~r ~~otn
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FIGURE E-6 SATELLITE ELECTfRONICS PACKAGE
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The full-scale output range for each channel is 0 to +5 V.

The output from each channel is linearly proportional to the input

signal being measured. The nominal input parameter ranges for each of

the channels are given in Table E-1.

Table E-1

SRI SATELLITE INSTRUMENTATION

SENSOR PARAMETERS MEASURED NOMINAL RANGE

Electrostatic- Electric Field (high-gain) ± 500 V/m
Field Sensor ,o. ,,,
Fe S o Electric Field (low-gain) 15 kV/m

Convection Current (high-gain) ± 5tA

Convection Current (low-gain) ± 150 PA/m 2

0.67 nA
Ion-probe/ Ion Current (high-gain) 0 to + 2

Pulse counter cm
No.1 20 nA

Ion Current (low-gain) 0 to +
Cm

Pulse Count (high-gain) 0 - 50 pps

Pulse Count (low-gain) 0 - 1000 pps

S~0.67 nA
Ion-probe/ Ion Current (high-gain) 0 to +
Pulse counter cmNo, 220 _nA

No. 2 Ion Current (low-gain 0 to + 20

il' cm

Pulse Count (high-gain) 0 - 50 pps

Pulse Count (low-gailn) 0 - 1000 pps

• r, Under the present contract, the satellite instrumentation

systow was construoted and installed on atellite.

) ~1588.

i ,?'_'.



A preliminary post-installation operational and signal-

injection calibration test of the satellite instrumentation system was

performed. During this test the complete instrumentation system func-

tioned as planned and the telemetry outputs were shown to be linear with

respect to the system input parameters over their entire ranges..

A propooal was submitted for continued effott, including

the final preflight instunment checkout and calibration, the analysis

and reduction of in-orbit data, and laboratory work to support the
30

data-analysis effort. This'proposal resulted in a subcontract to
31

carry out the additional work. At this writing the preflight checkout,

and calibration have been accomplished, and the satellite was sucessfull

launched. Data reduction and analysis are underway.
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Growid end flight iuatrteontation was developed and employed for the study of
vehicle oloctrificatiot during the launch of two Titan IIIC rockets. The flight
instrumentation operated avd gathered datu from ignition to payload orbit injection
at 1•,400 nmi. The first launch occurred under clear-weather convditions and provided
data on rocket-motor olectrification at liftoff and it the Ionosphero. On the
second launch, clouds existed in the launch area so that this flight provided data on
vehicle olectrification during flight through precipitation.

hlie results of the experiment indicuto that rockets become electrified by the
action of the •ngines at liftoff, and that precipitation-particle Impact also pro-
ducus electrification, Streamer discharges were measured resulting from procipita-
tion-static electrification of a dielectric surfaco on the front of the rocket.
Results from the atmospheric portion of the flight indicate that tho electrostatic
behovior of a large rocket is similar to tOt of a jot aircruft,

In the flight through the Ionosphere, it was fouad that operation of the main
ongines and altitude-control rockets produced readily detected sigpals in the electro
static sersors. This indicated that rocket-exhaust countituents were being returned
to the vicinity of the vehicle.
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